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Abstract

The quantitative functions for climate damages p®vtheoretical ground for the
cost-benefit analysis in climate change econonméirs] they are also critical for linking
climate module with economic module in the IntegdatAssessment Models (IAMs).
Nevertheless, it is necessary for IAMs to updattosal climate impacts in order to catch up
the advance in climate change studies. This stymbates the sectoral climate damage
function at global scale from climate Framework fbincertainty, Negotiation and
Distribution (FUND) model and develops the aggregalimate damage function in a
bottom-up fashion. Besides conventional sectorh agagriculture, forestry, water resources,
energy consumption and ecosystems, this study espahmate disaster types, assesses
human health impacts caused by various air polisfaand updates coastal damage by sea
level rise. The Beijing Climate Center Simple Eg8ystem Model (BCC_SESM) is used to
project climate system based on Business-as-UBddl) scenario, and the 2 °C and 1.5 °C
scenarios based on RCPs and SSP2 databases. ISextalts show that the agricultural

sector is projected to suffer 63% of the total dgendollowed by water resources (16%) and
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human health (12%) sectors in 2100. The regressiuits indicate that the aggregate climate
damage function is in positive quadratic form. UnBAU scenario, the aggregate climate
damage is projected to be 517.7 trillion USD durd®]1-2100. Compared to that, the 2°C
and 1.5°C scenarios are projected to respectivalyae climate damages by 215.6 trillion
USD (approximately 41.6%) and 263.5 trillion USM®%) in 20132100.

Keywords. Climate change; Climate impact; Climate damagaction; Integrated

Assessment Model (IAM); Earth System Model (ESM)
1. Introduction

Climate change has significant impacts on natumdl lruman systems leading to severe
economic losses (IPCC, 2012). Future climate islipted to present intensified changes in
climate extremes by the end of the 21st centuryZét al., 2014). Based on incomplete
estimates, a 2 °C rise in global temperatures niagcttyy result in a 0.2%2% decline in
gross world product (GWP) (IPCC, 2014), with tdtsses ranging from 19%% of GWP at
4 °C temperature rise under the baseline scen#&®©Q, 2007; Nordhaus and Sztorc, 2013).
The climate damage function is useful for assesgar@us direct or indirect damages and
systematic impacts caused by climate change, whatcribes the relationship between
economic losses and various climate indicatordh) siscatmospheric temperatures, sea levels
and climate extremes (Nordhaus, 2014).

The climate damage function is critical in InteghAssessment Models (IAMs) which
links climate modules and economic modules, and I&kids community has already
developed many methods for assessing the sect@igbnal and aggregate climate damages
(Nordhaus, 2014). Among the various I1AMs, the Regidntegrated model of Climate and
the Economy (RICE)/Dynamic Integrated model of Glimand the Economy (DICE), Policy
Analysis of the Greenhouse Effect (PAGE) and Clen&ramework for Uncertainty,
Negotiation and Distribution (FUND) are commonlyedsThese standard IAMs share a basic
structure, however, they cover different sectord ase different climate damage functions.
The DICE model is a simplified analytical and erngat model that describes the economics,

policy, and scientific aspects of climate changhilevRICE is a more detailed version that
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focuses on regional impacts. Sectors and fieldsidiecagriculture, other vulnerable markets,
coastal sectors, health, non-market amenities|esehts (both human settlements and
ecosystems) and catastrophic events, which uswadpress as functions of temperature
increase. The total economic impacts of climatengkaare a quadratic function of
temperature rise (Nordhaus, 2014), but this danfagetion dismisses several important
factors (losses from biodiversity, sea level risatastrophic events, etc.) and uncertainty
(Nordhaus and Sztorc, 2013). The PAGE model indufibeir impact categories: market
sectors (agriculture, forestry, tourism, etc.), 1moarket sectors (e.g. mortality and ecosystem
damages), sea level rise (i.e. coastal floodingyl stochastic discontinuity (Hope, 2012;
Moore et al., 2018). Climate damages assessedebPAGE model are proportional to the
1st-3rd power of temperature rise (Hope, 2006; Ste@)72 The FUND model covers a
more comprehensive range of sectors likely to bpacted by climate change, including
agriculture, forestry, water resources, energy eondion, sea level rise, ecosystems, human
health (diarrhea, vector-borne diseases, cardiol@sand respiratory mortality), and extreme
weather (tropical storms and extratropical storfBs)nages in each sector are calculated with
specific functions, and parameters for these fonstivary in 16 geographic regions in the
world (Anthoff and Tol, 2010, 2013). There is naimplified aggregate damage function of
all sectors for the FUND model, but previous stadiave provided detailed calculations of
climate impacts on each sector (Tol, 2002b). OtAdts like the Model for Evaluating the
Regional and Global Effects of GHG Reduction PeBc(MERGE) and the Multi-Regional
Integrated Model of Climate and Economy with GDHIlI®gers (MERICES) also use a
quadratic function of temperature rise to calculeimate damages. Very few studies (i.e.
CETA-M, Carbon Emissions Trajectory Assessment)ldo@ function between climate
impacts and temperature increase rate.

Sectoral climate damage functions in FUND are retéto in this study due to their
accessibility and integrity, but they need to bedatpd or expanded. The impact evaluation of
extreme events currently focuses on the econonmiitagas and mortality due to an increase
of the frequency and intensity of tropical stormsu(ta et al., 2009a) and extratropical storms

(Narita et al., 2009b). However, other disastersgshsas floods, extreme temperatures,
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droughts, landslides and wildfires, also make protbimpacts on the total climate disaster
damage (CRED, 2015). Air-pollution-related healtpacts, neglected in FUND, are also
influenced by climate change, which can decreasebtiundary layer height (Hong et al.,
2019) and increase the concentration of air paikgtaHigher temperatures, along with
greater ultraviolet (UV) radiation, enhance phowuital reactions and increase the
concentration of ground level ozone (Bell et ab0?). Exposure to ozone influences asthma
and lung diseases. Change in humidity, precipitatiand biogenic emissions due to climate
change can also influence the formation and gratine-particulate matter (PM), which
may lead to cardiopulmonary diseases (Giorgini let 2017). The relationship between
climate change, air pollution and human healthti$ a hot topic and remains largely
uncertain.

The FUND model lacks an aggregate damage functidmch makes it difficult to
compare economic impacts across different climhtEnge scenarios or to compare results
from different IAMs. Moreover, most studies in Caidealing with this subject focus on the
sectoral or local damages caused by one singlatdidtisaster (Zhang et al., 2018). Very few
assess aggregate climate damages at the globklifeare aggregate climate damage function
can be developed, it is not only a meaningful seimaint for FUND model, but is also useful
for IAM modeling and policy simulation in China. Mewhile, the monetized value of
climate impacts are very sensitive to differentcdist rates due to the long-term estimation
(Liu, 2012). However, few literatures studied thepacts of discounting on the monetized
value of climate impacts in various climate scem&(Nordhaus and Sztorc, 2013).

Studies on global climate damages, especially enl#M community, are all based on
foreign climate system models, while none of tham laased on Chinese climate system
models (Deng and Dan, 2018; Duan et al., 2014; &/ail., 2013; Zhang et al., 2018). The
climate system model provides the climate variabkethe input of climate damage functions.
Popular climate models such as the Model for thee8sment of Greenhouse-gas Induced
Climate Change (MAGICC) (Wigley, 2008) and traditi Climate System Model (CSM) are
either ‘black boxes’ or too complex for IAMs. Theeing Climate Center Simple Earth

System Model (BCC_SESM) is an simplified model loase the Beijing Climate Center
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Climate System Model (BCC_CSM1.1) (Wu et al., 20&8Y it is designed and coupled in
the 1AM model called @AM (China’s Climate Change Integrated Assessmenti®d) (Wei

et al., 2018). BCC_SESM has the advantages of pgirgimonious, transparent and robust in
climate prediction (Liu et al., 2019). This BCC_3&#odel can be used to project the future
climate system and provide predicted results dbuarclimate variables for the calculation of
climate damages. The development and validatiorthef BCC_SESM model has been
discussed in Liu et al., 2019. Regarding the datayious studies are based on old dataset
such as 1S92 or SRES scenarios for key input vasasuch as the economy and population
growth, rather than the latest IPCC RCPs and SSiabase, causing difficulties in
inter-comparison for climate damage results froffiedtnt models (Nordhaus and Sztorc,
2013; Tol, 2014b).

This study aims to assess various sectoral clindammages and develop a global
aggregate climate damage function that is in linth ihe latest climate scenarios and
databases, which can be applied in the IAM commuioit cost-benefit analysis of climate
change. The difficulty in developing global aggregand sectoral climate damage functions
lies in integrating various modules, scenarios @aid in a transparent and consistent fashion.
In this study, global sectoral and aggregate ckm@d@mages are estimated based on the
FUND model, including impacts from climate extremasd air-pollution-related health
impacts. Data on climate variables are from the BEESM model. The energy and climate
scenarios are based on the Global Energy Interctione(GEI) 2 °C and 1.5 °C scenarios
(hereinafter referred as 2 °C and 1.5 °C scenanasich emphasize clean energy transition
to achieve the temperature targets in the Parieéxgent (specified in Section 2.1). The

impacts of discounting on the climate damages laeiavestigated.
2. Methodology and data
2.1 Models, scenarios, and data

Sectoral and aggregate climate damages are cadutased on four modules, including
climate, energy, emission, and socio-economy. Gadmoission pathways are from the Model

for Energy Supply Strategy Alternatives and theen€&ral Environmental Impact-GLObal



143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169

BlOsphere Model (MESSAGEIix-GLOBIOM) (Fig. A1), whicare the input for the climate
module (Fig. A2a). The climate module BCC_SESM pes climate-related data (e.g.
temperature rise, GHGs concentrations) that basedhe Representative Concentration
Pathways (RCPs) and Shared Socioeconomic Pathv&8RBs| which are in line with the
Coupled Model Intercomparison Project 5 (CMIP5)u(let al., 2019). The BCC_SESM is a
simple earth system model at the global level dged based on the BCC_CSM1.1 as the
precursor complex climate model and using the d¢inmaodule setting in DICE model as the
prototype (Nordhaus and Sztorc, 2013), in ordesstablish the relationship among emissions,
carbon cycle, radiative forcing and temperatureréMimformation on BCC_SESM can be
found in the Appendix A. Fig. A2lg illustrates these variables, such as the carole @n
the atmosphere, ocean and land, changes in radiafibrcing, and changes in
atmospheric/ocean temperatures. The energy andsiemiscenarios are results from the
MESSAGEIix-GLOBIOM IAM model (McCollum et al., 2018%0cio-economic data, such as
population statistics and GDP figures are obtainea the various SSPs (Fricko et al., 2016),
which are exogenous to MESSAGEix-GLOBIOM. Sectatiinate damages are assessed
using data from these four modules, which are &rrtlygregated and fitted into the aggregate
climate function.

Three energy and emission scenarios are set: tegdas-as-Usual (BAU), 2 °C and
1.5 °C scenarios. The 2 °C and 1.5 °C scenarios baised on the Global Energy
Interconnection (GEI) roadmap (Liu, 2015). With arle energy production, large-scale
allocation of clean power, and high electrificaticmte, GEI provides a feasible way to
achieve the 2°C or even 1.5°C target outlined m Btaris Agreement (Hou et al., 2020).
Energy and emissions data are from the 1.5°C a@dc&harios (Hou et al., 2020; Tan et al.,
2019; Zhang et al., 2020; Zhou et al., 2018) amdBAU scenario is based on the national
polices (NPi_V4) developed by International Ingttfor Applied Systems Analysis (IIASA)
(McCollum et al., 2018), which are in line with RCB, RCP2.6 and RCP8.5 scenarios

respectively. Modelling processes and input-outiatié are illustrated in Fig. 1.
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Fig.1 Modelling processes (indicate in the rectasghnd input-output data (indicated in the

diamonds).

2.2 Calculation of sectoral and aggregate climate damages

Besides conventional sectors, an aggregate damagédn was developed. Firstly, the
human health losses caused by climate change isidevad. Apart from diarrhea,
vector-borne diseases and cardiovascular and atspirdiseases, human health losses from
air pollution (PM s and ozone) are considered in climate damage fumtiSecondly, with
regard to the climate disaster, we include not dhby tropical and extratropical storms as
considered in the FUND model but also other clindisasters, including earthquake, flood,
extreme temperature, drought, mass movement, vmdsammnd wildfires. Thirdly, with regard
to the coastal sector, we add the impact of seal kese on dry land and wet land areas. Since
the scope for the three above sectors have beaméag, we have adjusted the relevant
parameters and re-calibrated their formulae. Iedectors such as the agriculture, forestry,
water resources, energy consumption, ecosystentgr,se® apply the established sectoral
formulas (Tol and Anthoff, 2014b) to calculate seat impacts in different scenarios. The
calculation to methodology is in Appendix A, thetesal damage functions and parameters
are based on calibration of historical and prediéteure results, which are obtained from Tol
and Anthoff (2014a) as shown in Table Al.

Three steps are taken to develop sectoral and gaggrelimate damage functions. The

first step is to quantify the impacts for each seaising climate variables, such as the
7
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temperature, COconcentration, sea level rise, and temperaturhefhottest month. Then
impacts in each sector need to be monetized anddadd to obtain aggregate damages.
Finally, the aggregate damage function is obtathealigh econometric regression methods.

Agriculture. The impacts of climate change on the agricultuee amnected with the
rate and level of climate change, and the effec@® fertilization (Tol and Anthoff, 2014b).
The parameters were calibrated using the procediseribed in Tol (2002a) consistent with
other literature (Fischer et al., 1996; Kane etl92; Morita et al., 1994; Reilly et al., 1994;
Tsigas et al., 1996).

Forestry. The impact of climate change on commercial forestiyased on the effect of
international trade, coupling with detailed models forest growth and timber markets
(Perez- Garcia et al., 1997; Tol, 2002a). The damagesignsctor are represented as a share
of total income in the consumer and producer ssrphedel, as a function of global mean
temperature and atmospheric £&Oncentration.

Water resources. Downing et al. (1996) found the impact of climateange on water
resources changes both water supply and demandwater supply is modified from the
Thornthwaite equation, and the water demand isutztled based on water deficits, per capita
incomes and water prices (Tol, 2002a).

Energy consumption. Energy consumption here consists of space heatidgspace
cooling. The lower heating costs and higher cootingts due to climate change relates to
degree days, per capita income and energy effigiélfee parameters are obtained from Tol
and Anthoff (2014a) as Table Al, which were calibdabased on the results of Downing et al.
(1996).

Sea level rise. Coastal vulnerability@V) during climate change is regarded as a global
process by Nordhaus and Boyer (2000), assumingpasvar function according to Yohe and
Schlesinger (1998)n addition to this, the economic loss due to ssellrise constituted of
the damage from drylands and wetlands, accordintbedunction in Darwin and Tol (2001)
and Tol (2007). The loss of dryland and wetlands turises in sea level triggered by climate
change is associated with coastal area protedanain and Tol, 2001). Consistent with the

methodology of Tol and Anthoff (2014b) and Tol (ZQ0the level of protection for coastal
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area [eve}) is expressed as the fraction according to thelesefit analysis (Fankhauser,
1994). Major losses come from cumulative drylan@sidge, which is expressed as a function
of sea level rise, assuming without coastal aredeption. The unit monetized value of
dryland per square kilometer is under the hypogh@di being linear in income density
according to Tol and Anthoff (2014b). The wetlandd is expressed as a linear function of
sea level rise, effected by the fraction coaste&grotection and increase with income and

population density.
CV; = BGE)M 1
= BGY) (1)

1 (VP +VW,
Levelp, = max[0,1 — 3 (;Tt‘)] 2

Wheret denotes time; the parametgr = 0.12 denotes the estimated damage coefficient
in Nordhaus and Boyer (2000yP refers to the net present value of the protectgsuming
all coast areas are protectadyV refers to the net present value of the wetlant doe to
coastal squeeze assuming all coast areas are tpthtéD refers to the net present value of
the dryland lost without any protection for coasieta. Data on rising sea levels are from
IPCC (2013). Other parameters are obtained fronafdlAnthoff (2014a) as in Table Al.

Ecosystems. Because of their non-marketable nature, it isdiffito quantify damage to
natural ecosystems in monetized terms. Tol (2082¢sses the impact of climate change on
ecosystems, biodiversity, and landscapes basetieorwiarm-glow’ effect, which suggests
that people’s willingness to pay reflects theirides contribute to a vaguely described ‘good
cause’, rather than to a well-defined environmegtad or service. The greater the decline in
biodiversity, the greater the damage to ecosystesishe value of biodiversity is inversely
proportional to the number of species (Tol and Affth2014b). The ranking criterion and
biodiversity index in the function are based ont&fean (1992, 1993, 1998).

Climate disasters. According to Tol and Anthoff (2014b), the damagenirthe greater
frequency and intensity of stormis$) due to climate change consists of losses ataibetto
increased tropical storms (typhoons or hurricaaes)) extratropical storms, each subdivided

into economic damageTED and ETED) and the mortality lossTML and ETML). The
9
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economic damage and loss from mortality due taharease in the frequency and intensity of
tropical storms (Narita et al., 2009a) and exty@ttal storms (Narita et al., 2009b) are

expressed as Tol and Anthoff (2014b).

DS, = TED,+TML, + ETED,+ETML,

Ye \¢ Ye \€ Cco,t 4
e y(—) [(146T) — 1]+« y(—) [(—) —1)+
TED !t Y1990 t TML{¢ Y1990 (o) 275

BerepP (2 [(L + 8T,) — 1+ Berur P (G P pl(22yr — 1] ©)

Y1990 Y1990

We use the same notation as Tol and Anthoff (20148¢notes timeP andy are the
population and per capita incomg; refers to the increase in global temperature over

pre-industrial times;Cco, refers to the atmospheric average .CEncentration (CO

concentration in the pre-industrial era was MG) OTED OTML, PETED, SETML, 6,7, O, ¥, and

¢ are parameters obtained from Tol and Anthoff (201 Table Al.

Most economic studies estimating the impacts ofmale change have paid little
attention to extreme weather and climate events. éxample, in the FUND model, the
analysis on agriculture sector examines the crefa yiesponses to baseline temperature rise
and does not explicitly take into account the ptiétoss in productivity caused by extreme
climate events (Tol, 2002a). The sum of climate agenfrom all extreme climate events is
derived according to the proportion of storm damagéotal climate disasters, considering
economic damage and number of death affected ysteis types, based on the global
statistical data from 1994 to 2013 (CRED, 2015e38éhclimate disasters are based on CRED
data include flood, extreme temperature, drouginiislide and wildfires etc.

Human health. Mortality is a popular health endpoint indicator épidemiological
studies. Premature deaths caused by air pollutdt, £ and ozone), diarrhea, vector-borne
disease and cardiovascular and respiratory diseasasvestigated. The value of a statistical

life (VSL) is assumed to be ten times of per ca@BP (Scovronick et al., 2019).

An all-cause all-age>( 30) dose response function is applied to calculaerelative

10
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risk (RR based on PW or ozone concentration (Scovronick et al., 2088)shown in Eq.

(4),

RR = exp[phi (Ci — Gl 4)

wherei = 1 or 2, indicating Pl or ozone, and; is a constant, an@; represents the
exposure concentration of BMor ozone, whileC; , is the safe level. The safe levels of RM
and ozone are respectivelypg m> and 19ug m? (Lelieveld et al., 2015; Limaye et al.,
2018). For each 1fig m® change in PMs or ozone exposure, the relative risk is 1.030 or
1.003 at the global level (Anderson et al., 2004gWér et al., 2018), anfl,; can be
calculated based on Eq. (4).

The attributable fractionAF) of deaths from all causes can be calculated hy(Eq
based on the definition of relative risk, i.e. deettes under hazardous levels of exposure
compared to death rates under safe levels of exposu

_ RR;—1

AF; RE;

()

The number of premature deatB)(is then obtained by

RR;—1
RR;

D;=PXrXxAF, =P Xr X =P xrx{1—exp[—Pni(C;—Cio)l} (6)

where P refers to the population from SSP2 (Fricko et 2016), andr is the death rate
projected by the World Population Prospects (UNEL9).
Baseline air-pollution-related premature deaths learcalculated according to Eq. (6).

Increases in PM; and ozone concentrations are assumed to beuf).86° and 4.0ug i for
every IC rise in temperature (Bloomer et al., 2009; Otralg 2017; Tai et al., 2010). Future

PM,s and ozone concentrations are based on the RCRBriario (Silva et al., 2016).
Increases in air pollutant concentrations and tiegupremature deaths due to greater global
temperatures can be estimated for three scenailepollution-related deaths attributable to
climate change are defined as the difference betlaseline premature deaths and predicted

premature deaths in each scenario. Although fudlMigs and ozone concentration cannot be
11
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accurately predicted in this study, the differebetween baseline and predicted premature
deaths is not sensitive to the PMand ozone concentration and majorly determinedhby
increment of pollutant concentrations. We testexd ththe ozone concentration increased by
10%, the additional deaths would increase by onBi%. Impacts of climate change on
diarrheal diseases, vector-borne diseases, casatiolz and respiratory disease are detailed
in Appendix.

Aggregate climate damage. After calculating sectoral climate damages, we can
aggregate all these sector damages into total danagl apply econometric regressions
analysis to establish the relationship between tthtal damage and increases in global
atmospheric temperature. Based on previous stg@sihaus and Sztorc, 2013; Zhang et al.,

2018), this relationship is in quadratic form :

D =c+aT + bT? (7)

WhereD denotes aggregate damage, i.e. the ratio of dataages to the GWE,is a
constant, whilea and b are regressed parameters. Considering that thempéers are
different for variant scenarios, we walpecifically regress the parameters for each smemar

Appendix.
3. Results
3.1 Sectoral climate damages

Fig. 2 shows the absolute value of economic losaased by climate change in different
sectors from 2010 to 2100 in the BAU scenario. €lmate damage in 2100 are 2.82% of
GDP for the BAU scenarios, in accordance with ttevipus studies (Tol, 2009). The climate
change related longer exposure is projected toecawssening agricultural impacts, which
will account for more than half of the total damafyjem 1602 billion USD in 2010 (83% of
total damage) to 7081 billion USD in 2100 (63% ofat damage). The second one is the
damage from water resource, increasing from 22milUSD in 2010 to 1770 billion USD
in 2100, the percentage of water resource damageases from 12% in 2010 to 16% in 2100.
Meanwhile, the human health related losses decrfease 97 billion USD in 2010 (5% of

12
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total damage) to 83 billion USD around 2020, theadgally rebound to 1142 billion USD till
2100 (10% of total damage). Whereas the forestgtosebenefits from the increased
temperature andGOconcentrations, showing negative value (less tB%n of the total
damage) of loss through the end of the 21st ceniimy energy consumption shows benefits
from climate change in 2010 due to the decreaseérslture on space heating. Then the
increased expenditure on space cooling surpassegidbrease in expenditure on space
heating around 205Q055. The losses from energy consumption incread@2 billion USD

in 2100. The damages from climate disasters, sed tese, and ecosystems are lower than
other sectors, but they are continually increasmgn 31 billion, 31 billion and 65 billion

USD in 2010 to 246 billion, 793 billion, 244 bilkhdUSD in 2100, respectively.
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Fig. 2 The monetized value of climate damagesffierdint sectors during 2022100 in the

BAU scenario.

Fig. 3 illustrates the sectoral monetized lossedvewy with time due to climate change
in BAU, 2 °C and 1.5 °C scenarios. For the agrigeltsector (Fig. 3a), greater €O
fertilization caused by climate change boosts atjtice production as crops will grow faster
and use less water (Tol and Anthoff, 2014b). Thenitade of economic losses is always
inversely proportional to the rate of climate chengieaning greater damages for faster

climate change (Tol and Anthoff, 2014b). Althoughbrieased atmospheric €Ebncentrations
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have accelerated the rate of LC@rtilization, benefits for agriculture productioare
overwhelmed by other negative effects of climatange. The agriculture production loss is
projected to reach more than 7 trillion USD by émal of the 21st century in BAU scenario.
The reduced GHG emissions in the 2°C and 1.5°Casmncan effectively mitigate the rate
and level of climate change. Agricultural produntioss is projected to peak to 2607 billion
and 2425 billion USD around 2045 and 2035 in thé ahd 1.5°C scenarios, respectively,
before steadily declining to 1396 billion and 1264ion USD in 2100.

However, the forestry related activities (Fig. Benefit from the increased temperature

and CQ concentrations in these scenarios, meaning pesitifects from climate change in
forestry consumer and producer surplus. The benafé higher in the°Z scenario than the

1.5 °C scenario. The climate change related logsssectors of water resource (Fig. 3c), sea
level rise (Fig. 3e), and climate disasters (Fig) Bresent similar trends, which shows
increased damage from 2010 to 2100 and lower logha 1.5 °C scenario than the 2 °C
scenario.

The energy consumption is constituted by the dser@aexpenditure on space heating
and increase in expenditure on space cooling (Bif). The decrease on space heating
surpasses the increase in expenditure on spacengamusing economic benefits at the
beginning. Then the increase in expenditure onespaocling gradually exceeds the decrease
on space heating, and the economic costs is pedieotexceed benefits around 268055.
The climate change triggered loss for energy copsiom is modeled to peak at 118 billion
USD around 2082090 in the BAU scenario. In 2°C and 1.5 °C scasanmitigations bring
economic benefits, but the benefits decrease frioih illion in 2010 to 3 billion and 13
billion USD, respectively in 2100. Space heatingd acooling demands are linear to
population. Energy efficiency improvements in spheating and cooling are assumed to be
equal to the average energy efficiency improvementie economy (Downing et al., 1996).
With the technological progress in energy provisitmere is less energy loss in energy
consumption sector.

Based on the ‘warm-glow effect’, Tol (2002a) asesghe impact of climate change on

the natural environment. For ecosystems (Fig. 88, loss in BAU scenario continually

14



371 increases to 244 billion USD in 2100, due to thmate change impacts on the species. The

372  differences of losses in these scenarios are neibab at first. However, the economic
373 damage in the 2C scenario peaks at 147 billion USD around 205%nTh shows a
374  decreasing trend since 2055, and the gain of $i8mWSD in 2100. The losses in the 1.5°C
375 scenario start decreasing as early as 2035 becdus®re effective mitigation efforts to
376  control temperature rise.
377
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379 Fig. 3 Monetized climate damages in different sesctturing 20112100.
380 Climate-change-related losses in health involve dizeases which are diarrhea,
381 vector-borne diseases, cardiovascular and respirdisease, Phkrelated and ozone-related
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diseases. In general, temperature rise has adiapsets on these diseases, but it may be
beneficial to some diseases (e.g. respiratory siesaespecially in cold areas. Climate change
is estimated to cause 686 million additional deaths in 2050 and 2100 eesipely in the
BAU scenario. In 2100, 1.9 and 2.5 million deaths jarojected to be avoided in 2 °C and
1.5 °C scenarios, respectively, compared to the Bs&Bnario, and the avoided losses is
estimated be 850 billion and 1130 billion USD. Aduhal deaths caused by PMozone, and
cardiovascular diseases is projected to increasteraperatures rise, while diarrhea and
vector-borne diseases decrease probably becauseitbasing per capita GDP, one important
indicator of climate adaptation, can help peoplégbt these two diseases better. Respiratory
diseases are very sensitive to changes in tempeyaind the mortality may increase with
temperature rise when the temperature is above@gwhile decreasing with temperature
rise when below 16.5°C (Martens, 1998). With thebgl average temperature as the input
parameter, global warming seems to reduce respjrdiseases, but this conclusion remains
uncertain due to the sensitivity of respiratoryedses to temperature and also regional
temperature differences. Moreover, the overlap betwair-pollution-related mortality and

cardiovascular or respiratory diseases also negtlef investigation.
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Fig. 4 Additional deaths caused by PMozone, diarrhea, vector-borne disease,

cardiovascular, and respiratory diseases during-2aD0 in the 2°C scenario.

3.2 Aggregate damage function

In absolute terms, the cumulative climate damagenf2011 to 2100 in the BAU
16
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scenario is predicted to be 517.7 trillion USD; igglent figures for the 2°C and 1.5°C
scenarios are respectively 302.1 trillion and 25#illon USD. Compared to the BAU
scenario, the 2°C and 1.5°C scenarios are predictagduce climate damages by 215.6
trillion and 263.5 trillion USD respectively (Tablg. In relative terms, the climate damage
decreases from 2.4% of GWP in the BAU scenario48cland 1.2% of GWP in the 2°C and
1.5°C scenarios respectively. Here the climate dgnisthe percentage that the cumulative
climate damage compared to the cumulative GWP guwi11-2100. The policy implication
is that with higher and earlier mitigation effotts achieve the 2°C and 1.5°C goals in the
Paris Agreement, the climate damages are predioteeduce 1.0 and 1.2 percents of GWP
than the BAU scenario, which means the climate dgsavill reduce by 41.6% and 50.9%
relative to BAU scenario.

We calibrate the aggregate climate damage fundtased on the results of three
scenarios by employing econometric regression ndetithe aggregate climate damage

function is:
D = 0.000Z% + 0.006 (8)

The aggregate climate damage function of this stedyp positive quadratic form. We
can compare the results of this study with othar studies, i.e., the Tol survey (Tol, 2009)
and the DICE model (Nordhaus, 2009). The aggregateate damage function of the DICE
model and Tol survey are both in positive quadridicns. Note thathe aggregate climate
damage function of Tol survey (Tol, 2009) is basedmeta-analysis of existing literatures
which illustrate large uncertainties both on terapgte increases and climate damages, while
the climate damage function in DICE model is bamedol survey.

It is estimated by previous studies (Fankhause®51Hope, 2006; Maddison, 2003;
Mendelsohn et al., 2000; Nordhaus, 2006; NordhawsBoyer, 2000; Nordhaus and Yang,
1996; Plambeck and Hope, 1996; Tol, 1995) thatclheate damage is 0.7% of GWP on
average with a standard deviation of 1.2% GWP é&rchmarking 2.5°C scenario (Tol, 2009).
The aggregate climate damage varies from 1% to $%f &WP at 4°C temperature increase

in the IPCC fifth assessment report (IPCC, 2014je Tlimate damages in this study lie
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within the range of previous literatures.
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Fig. 5 Comparison of aggregate climate damage iumetvith different studies

The assumed discount rate has a huge impact orPfdsent Value (NPV) of climate
damages (Liu, 2012). Here we provide sensitivitglgsis for the NPV of climate damages at
different discount rates (see Table 1). With theuagption of 5% market discount rate
(Nordhaus, 2014), the NPV values of climate damages0.7 trillion, 52.9 trillion and 49.2
trillion USD respectively under the BAU, 2 °C, ahd °C scenarios. If we set the discount
rate as 3%, the NPV of climate damages become& 1lon, 91.5 trillion and 82.2 trillion
USD respectively in the BAU, 2 °C, and 1.5 °C sc@s If follow the Stern Report (Stern,
2007) and assume a discount rate of 1.4%, the NRMmate damages are predicted to be
respectively 204.0 trillion, 127.9 trillion and 187trillion USD under the BAU, 2 °C, and
1.5 °C scenarios. Therefore, the smaller discoatdsr the larger of the absolute climate
damages of each scenario. The discounting factoreahas the largest impact on the NPV.
Sensitivity analysis of the climate damage functidaor different discount rates and for

absolute values can be found in the Appendix.

Table.1 The NPV of climate damages for differestdunt rates.

Discount rate (%) NPV (trillion USD) NPV (as pertage of GWP)
BAU 2°C 1.5°C BAU 2°C 1.5°C

5 60.7 52.9 49.2 2.1 1.8 1.7

3 118.1 915 82.2 2.2 1.7 1.5

14 204.0 127.9 107.8 1.9 1.2 1.0

0 517.7 302.1 254.2 2.4 14 1.2

18



448

449
450

451

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

475

4, Conclusionsand discussion

This study assesses various sectoral climate darewk develops a global aggregate

climate damage function by integrating BCC_SESNhale model, FUND damage module,
and study three scenarios (BAUR/1.5°C) based on IAM framework and standard

RCPs/SSP2 database. It expands climate disasts, tgpsesses human health impacts caused
by various air pollutants, and updates coastal demhy sea level rise beyond the
conventional sectors in FUND model, and developl@bal aggregate climate damage
function which can be applied in the cost-benefiglgsis in climate economics. This study
overcomes the shortcomings of previous climate densaéudies, which are either focused on
sectoral damages without aggregate damage funfgioch as FUND model) or aggregate
damage function without sectoral details (such E3EDmodel). And this study also applies
the latest IPCC RCPs and SSP2 database, thussreanlbe used for model inter-comparison
for climate damages from different IAM models.

Results show that in the BAU scenario, damages echusy climate change
disproportionately impacts the agricultural secidrich is projected to suffer 63% of the total
damage in 2100. The water resource sector hasettend largest share of impact at the
beginning of the period, the percentage of wateowece damage increases from 12% in 2010
to 16% in 2100. Climate change is projected toidlyt cause a decline in energy
consumption levels due to reduced demand for speating, however, increased demand for
space cooling will eventually offset these gainsadldition, the forestry sector is projected to
benefit from higher temperatures and £0Oncentrations.

Regression result indicates that the aggregatetgimiamage function is sensitive to the
discount rates. The aggregate climate damage @migiin positive quadratic form, with the
assumption of zero discounting. However, for pesitdiscount rates, the climate damage
functions are in negative quadratic forms, anddbmcavity of the curves of climate damage
functions increase with the discount rates. Thiglifig is robust both for relative percent
numbers and for absolute magnitude numbers of tdirdamages. In this study, the climate

damage is 517.7 trillion USD during 262100, which is approximately 2.4% of GWP.
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Compared to the BAU scenario, the 2°C and 1.5°Qiaies are predicted to respectively
reduce climate damages by 215.6 trillion USD (apipnately 1% of GWP) and 263.5 trillion
USD (1.2% of GWP) in 201R2100. The policy implication is that with higherdararlier
mitigation efforts to achieve the 2°C and 1.5°Clgda the Paris Agreement, the climate
damages are predicted to reduce 41.6% and 50.9%hba@BAU scenario.

There are factors contribute to the uncertaintfedimate damage function in this study.
First are the uncertainties from the input datantyaiue to the complexity of natural science
and climate system modeling, such as the futurgeeature increase, sea level rise, and
extreme climate events. For example, the temperdtgrease in the 21st century varies from
3.2-5.4°C in the BAU scenario (IPCC, 2014). These umagaties have been extensively
discussed in the IPCC reports (IPCC, 2013) and Cadiiseriments (Liu et al., 2019) which
are out of the scope of this study. Second areitieertainties from sectoral climate damages.
The parameters are estimated base on empiricallrdatke from previous studies or experts
review. We studied the variations between diffesz@narios and compares different impacts.
Third are the uncertainties of aggregate damagetiins, equations and parameters,
especially the impacts of different discount raiteshe form of the damage functions, which
have been discussed in section 3.2 and Appendiioset

Several caveats arise in this study and theseiqossteed to be further studied. First is
the region and nation level of climate damage stdConsidering that the climate impacts
are idiosyncratic and vary significantly for diféet regions (IPCC, 2007), it is necessary to
study the continental, regional and country-levéimate damages. Second is model
comparison. Although the specific sectors and aggeeclimate damage have been studied in
this paper, however, we need to compare resuits dlifferent climate models, energy models
and IAM models, and compare results based on diffemethodologies such as from the
bottom-up and top-down models. Third is the falt-tdi climate damages. In essence, the
uncertainty of climate damage is right-skewed dnreddamage probably been underestimated,
especially in terms of failing to capture the fail-tisks of climate change, for example, the
climate catastrophic scenario with temperatureease higher than 5°C (Weitzman, 2010).

Fourthly, during the study we find that there igndficant divergence between the BAU
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scenario pathway versus the mitigation scenaritsyzgys such as 2 °C and 1.5 °C scenarios.
Should models develop different climate damagetfans for different scenarios in order to

explore their temporal variations, this is alsoimteresting topic which needs to be further
studied in the future. Lastly, the human adaptatmrclimate change, which has opposite
impact on climate damages, should be consideredrious scenarios (Gosling et al., 2017,

Petkova et al., 2017).
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