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Abstract

We assess the capacity of the U.S. property-liability insurance industry and the efficiency of the

state guaranty fund system in response to large scale loss events to assess the resilience of the

current system to the growing challenges of climate change. We identify characteristics of the

industry’s capital structure and the guaranty fund system that limit the ability to indemnify

policyholders following extreme catastrophic losses. We also consider the sustainability of the

system over time under assumptions of increasing loss frequency and severity. We find that some

attributes of insurance guarantees present short-term problems for policyholders and create long-

term challenges for competitive private insurance markets, particularly when a subset of insurers

shoulders the burden for past losses.
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1 Introduction

Insurance policies cover perils that can cause extremely large losses. Although several events have

resulted in losses large enough to briefly dislocate insurance markets (e.g., hurricanes Hugo, An-

drew, and Katrina), the modern insurance industry has yet to experience the extreme tail of the

catastrophe loss distribution. As climate change makes the earth warmer and wetter, and the

coastal population becomes more dense, the probability of a mega-catastrophe event increases. For

context, Figure 1 shows the expected insured loss for five large historical U.S. catastrophe losses,

if they were to happen today. If all of these five events occur within one year, insured losses will

approach $600 billion. Clark (2015) suggests it is possible for a single 1-in-100-year characteristic

event hurricane to cause nearly $500 billion in insured losses if it makes landfall in both Miami, FL

and Houston, TX.

Figure 1: What Would They Cost Today?

Modeled disaster loss to exposures as of December 31, 2016 inflated to real (2021) dollars. Source: Verisk

We consider the insurance-industry implications of an extremely costly year. Specifically, we

assess the capacity of the insurance market and the efficiency of the state guaranty fund system in
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response to a large-scale industry-wide loss, thereby measuring the resilience of the current industry

to the growing challenges of climate change. We identify characteristics of the guaranty fund system

that limit its ability to indemnify policyholders following extreme catastrophic losses. We find that

the existing guaranty system may be insufficient to ensure policyholder indemnification in the short-

term and could create long-term challenges for competitive voluntary insurance markets. The latter

is especially pronounced when a subset of insurers shoulders the burden for past losses.

The increasing physical effects of climate change pose a growing threat to our society and

the global economy. Rising temperatures increase the likelihood and potential severity of natural

catastrophe events including tropical cyclones, floods, droughts, and wildfires. For example, Grenier

et al. (2020) posit that if temperatures continue to rise along the current trend,1 by mid-century,

the U.S. will see a 15%, 25%, and 35% increase for Category 3, 4, and 5 hurricanes, respectively.

As the frequency and severity of natural disasters increase, so do economic losses covered by in-

surance. Thus, as temperatures rise, the insurance industry will play an increasingly vital role in

the management of risk associated with climate change. It is imperative that the financial support

structure on which the industry is built be capable of handling the coming challenges. We estimate

how much coverage the insurance industry currently can provide given different sizes of aggregate

catastrophic loss.

Estimating these effects is not trivial, because U.S. insurers do not report detailed information

about their policies, exposures, or reinsurance treaties. We build on the methodology of Cummins

et al. (2002) to estimate the ability of the U.S. property-liability insurance industry to pay claims

in the case of large aggregate losses resulting from natural disasters.

We argue that feasible levels of anticipated catastrophe losses can increase the cost of capital

beyond what private insurance markets can bear (Jaffee and Russell, 1997), suggesting further

government intervention may be unavoidable. Given the political incentives surrounding national

crises (Pulejo and Querub́ın, 2021), hurricanes (Sobel and Leeson, 2006), and insurance markets

(Grace, 2013), it may be optimal to prescribe and codify such intervention before it is needed. Our

findings directly inform policymakers towards these important decisions.

Current industry-level capital is sufficient to cover insured losses resulting from natural disasters

on the scale of those recently experienced, but increasing frequency and severity of such losses

may leave many insurers exposed to insolvency. We consider industry resilience in addition to

policyholder indemnification and identify the point at which current industry capital levels are

inadequate to pay policyholder claims. Even if a satisfactory distribution of losses could be achieved

from a policyholder indemnification perspective, the long-term assessments made to remaining

insurers through the guaranty fund system may lead to non-competitive markets. In a market

where all prior participants face substantial costs, new entrants will enjoy significant advantages.

1In Grenier et al. (2020), climate warming is characterized by the Intergovernmental Panel on Climate Change
Representative Concentration Pathway 8.5 scenario (IPCC, 2014).
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If prior participants are unable to compete, further insolvencies may occur, and the original loss

assessments may ultimately go unfunded.

We simulate a range of unexpected loss shocks to the U.S. insurance industry and observe

the industry level response. We find that an aggregate annual $1 trillion unexpected loss would

result in the insolvency of 21% (13%) of insurers (insurance groups) exposed to catastrophe losses,

representing 48% (59%) of the total surplus of all insurers writing in related lines. This results in

over 60% (41%) of losses being allocated to state guaranty associations, which facilitate the transfer

of unpaid losses from insolvent insurers to solvent insurers. Under the current guaranty fund system,

the maximum annual assessment of solvent insurers is limited, resulting in a prolonged process to

collect the capital needed to pay these claims in full. At this loss level, it will take the average

state 123 (165) years to fully pay the original loss amount through guaranty fund assessments. We

recognize that the capital held by the industry is adequate to cover such losses only in the event

that the payment of those losses can be distributed over time. As the frequency and severity of

catastrophic losses increase in the face of climate change, the temporal distribution of the losses

may be further undermined.

Our primary contribution is to call attention to the details of the state insurance guaranty fund

system that threaten its sustainability as catastrophic losses increase in severity and/or frequency.

We refine and extend the methodology of Cummins et al. (2002) to address catastrophic property

loss coverage, and we consider the amount of time it takes for the follow-on losses to be fully

paid through state guaranty associations. Finally, we propose three policy interventions that will

strengthen the guaranty fund system while minimizing negative externalities. First, we consider

state or federal government actions to improve the debt capacity of guaranty funds. If able to borrow

(and repay) sufficient amounts, guaranty funds can eliminate the delay expected when one year of

industry assessments is not sufficient to cover all claims. Second, we propose a tax on insurance

companies entering effected markets. The tax would be equal to the guaranty fund assessments

of surviving insurers, thereby preventing competitive advantages that could otherwise cause the

system to fail. Last, we recommend that state regulators require insurance groups to explicitly

declare whether or not they will honor the claims of insolvent subsidiaries. Although observed

behavior and contractual obligations imply that groups will support subsidiaries, the difference in

capacity and guaranty fund performance are sufficiently large that there is great value in removing

this uncertainty.

The remainder of the paper is organized as follows. In Section 2, we provide background on

insurance industry capitalization, solvency concerns, and government guarantees. In Section 3,

we discuss our empirical approach to measure company level exposure to catastrophic property

losses. In Section 4, we describe our methodology. In Section 5, we estimate the capacity of the

U.S. property-liability insurance market and the time it would take to fully recover catastrophic

property losses under the current regime. In Section 6, we discuss policy implications. We conclude
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in Section 7.

2 Background and prior literature

Why do we care about insurance industry capitalization? Insurance is required for many types

of economic activity. Lenders require insurance on collateral, commercial customers and suppliers

often require insurance for transactions, and governments require insurance for employers (workers’

compensation) and drivers, as just a few examples. With such dependence on a functioning insur-

ance market, it is natural to be concerned for the future solvency of insurers facing potentially large,

positively-correlated losses. Beyond the direct monetary consequences for policyholders of failed

insurers, resulting guaranty assessments made to solvent insurers may be passed on to consumers

through future rate increases and premium tax offsets, leaving policyholders and taxpayers to bear

the ultimate costs of insurance company failures. In addition, shocks to insurance industry capi-

tal have been linked to underwriting cycles, in which price and availability of insurance fluctuate

significantly for all policyholders.2

Because insurance is highly regulated and sometimes poorly understood, insurers and policy-

holders face indirect exposure to loss from ill-conceived public policy (Grace, 2013; Meier, 1988,

1991). By estimating the potential effects of catastrophic losses, we increase the information avail-

able to policymakers.

Catastrophe risk is often considered uninsurable in private markets (Harrington and Niehaus,

2003b). The cost of creating and maintaining a capital fund adequate to cover a large catastrophic

loss would require premium levels that exceed those considered economically feasible. In response,

a combination of public and private programs has been established to provide insurance for risks

that are otherwise considered uninsurable. The level of government intervention in the private

market to support the provision of insurance deemed necessary for the public good is somewhat

idiosyncratic, but it follows a general pattern that increases with the size of potential losses. On

the low end, we see private coastal wind pools insuring hurricane risk in Alabama and South

Carolina. These associations are created or permitted by statute but owned by the participating

insurers. In contrast, quasi-state entities such as Florida Citizens Insurance Company and the

California Earthquake Authority are owned and operated by state governments but funded by

private insurers.

Most residential and small commercial flood insurance in the U.S. is provided by the National

Flood Insurance Program (NFIP). The NFIP is administered by the Federal Emergency Manage-

ment Agency (FEMA), funded by inadequate premiums, and capitalized in large part by taxpay-

ers.3 However, a private market for flood insurance has developed in recent years, recognizing that

2See Gron (1994a,b); Doherty and Garven (1995); and Winter (1994).
3FEMA has also purchased private reinsurance for the NFIP since 2016.
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flood risk is not always uninsurable. Lehrer (2013) argues that the shortcomings of the U.S. flood

insurance market are driven by political considerations, rather than market failure.

Government’s comparative advantage over private insurers in assuming catastrophic risk comes

from the tax code imposed on insurers and the ability to fund extremely large losses with post-

loss debt, rather than pre-loss capital. Harrington and Niehaus (2003a) find that because private

insurers must recognize premiums for and losses from rare catastrophe events annually for tax

purposes, expected income taxes exceed expected losses for events like hurricanes, earthquakes,

and wildfires. Additionally, insurance companies must hold enough capital to pay their maximum

probable losses, even in years when catastrophic losses do not occur. Thus, they must pay a return

to capital providers. In comparison, governments do not pay taxes, and their debt capacity shields

them from pre-loss capital costs.

Government sponsored insurance is not without drawbacks. Programs that provide discounted

or subsidized insurance coverage can create negative externalities, such as incentives to develop and

live in dangerous locations (e.g. near the coast, in river valleys, or along fault lines). Moreover,

government insurance programs have a poor record of fiscal performance. For example, in the last

two decades, the NFIP and the Pension Benefit Guaranty Corporation combined have paid over $88

billion more in claims than they have received in premium payments (GAO, 2019). Determining the

appropriate level of government intervention in insurance markets requires consideration of both

risk-taking and risk-transfer concerns.

Given the potential downside of government sponsored property insurance, we ultimately rec-

ommend government intervention only to prop up state guaranty funds. We do not recommend

additional government involvement in directly insuring or reinsuring property risks.

2.1 Prior literature

An extensive literature considers the agency costs and externalities related to insurance guaranty

funds. However, the set of studies that address the claims-paying ability of guaranty funds is limited.

Cummins et al. (2002) acknowledge that the U.S. state guaranty fund system is inadequate to pay

for a truly disruptive loss, but their analysis does not consider the extent of this inadequacy. To

our knowledge, Kelly et al.’s 2020 study of the Canadian guaranty fund system is the only paper

that specifically estimates the performance of an insurance guaranty fund system in response to a

significantly large insured loss event.

Our work differs from Kelly et al. (2020) in the following ways. First, we study the U.S.

system, which is governed by different rules and accounting practices than the Canadian system.

For example, Canadian insurers are required to exhaust their capital paying assessments to the

guaranty fund, whereas U.S. guaranty fund rules protect member firms from insolvency due to

assessments. Second, Kelly et al. (2020) have access to proprietary data on Canadian insurers’
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exposures and reinsurance purchases. Although their data permit more accurate estimates, our

method – which does not use such data – is applicable to other jurisdictions where data are not

available. Finally, the Canadian guaranty fund covers the entire industry with one centralized

entity, whereas the U.S. system includes a separate guaranty fund entity for each state. Untangling

the web of U.S. guaranty funds is a substantial contribution of our paper.

3 Empirical approach

Insurance companies estimate insurance capacity and probability of ruin by applying the features

of insurance policies and reinsurance treaties (e.g. limits, deductibles, and exclusions) to the dis-

tribution of expected losses. This “ground up” method uses data on each exposure and policy.

Given access to data on all insurance companies, the process of estimating industry capacity is

relatively simple (Kelly et al., 2020).4 However, because U.S. insurers do not share such granular

information, the process is necessarily complex.

Cummins et al. (2002) develop a model that estimates each insurance company’s exposure

given a level of industry-wide loss without requiring data on the underlying ground up exposures.

Their model estimates correlations between industry losses and firm-level losses and then uses

these parameters to estimate each company’s loss for a given level of industry loss. Our analytical

approach and much of its exposition are built on their model.

We refine and advance Cummins et al.’s (2002) model in three ways. First, we limit the scope of

considered losses to the lines of insurance that provide most of the property damage coverage (fire,

private crop, private flood, farmowners, homeowners, and the property component of commercial

multiple peril). This set up suits our research question, because we can focus on losses from perils

that are associated with climate change (e.g. wild fire, drought, wind, hail, and flood). Second,

we recognize that not all industry capital is available to pay losses observed in only a subset of

insurance lines. We limit available capital to that of insurers writing business in climate change

affected lines or, in the case of assessing insurance guarantees, to capital exposed to guaranty fund

assessments within the accounts of affected lines. Finally, because a large aggregate loss would

result in insurer insolvencies, we estimate the follow-on effects of guaranty fund assessments to

produce a more complete picture of market resources going forward and to determine the overall

sustainability of the industry.

One significant difference between our model and that of Cummins et al. (2002) is that our model

specifically considers the geographic distribution of firm level activities. The positive aspect of this

difference is that we are able to incorporate the details of each state’s exposure, loss, insurance

market, and guaranty fund. The drawback of our approach is that we cannot control directly for

effects of reinsurance markets, because data on net premiums written and net losses incurred (the

4Kelly et al. (2020) have proprietary access to such data in the Canadian insurance industry.
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data used by Cummins et al. (2002)) are not available at the state level. Although we would prefer

to use data on losses and premiums net of reinsurance, we believe much of the potential error

introduced by using data on direct premiums and losses will be mitigated by anticipated reinsurer

failures, especially at higher levels of aggregate losses.5.

We implement the Cummins et al. (2002) model as follows. We determine the aggregate ex-

pected terminal equity for the industry, conditional on industry losses of L, by

N∑
i=1

E(Ti|L) =
N∑
i=1

∫ Zi

0
[E(Li) +Qi − Li]f(Li|L)dLi, (1)

where N is the number of insurers in the market; Li, Qi, and Ti denote the insured losses, the

equity capital, and the terminal value of equity for insurer i, respectively; and Zi = E(Li) + Qi.

Hence, the expected payout of the industry conditional on industry losses of L (i.e., the conditional

response function for the industry) can be defined as:

(R|L) ≡
N∑
i=1

Ri|L = E(L) +
N∑
i=1

Qi −
N∑
i=1

E(Ti|L). (2)

If firm and industry losses are jointly normally distributed, the terminal equity of insurer i is

given by

E(Ti|L) =E(Li) +Qi − µLi|LN

[
E(Li) +Qi − µLi|L

σLi|L

]

+ σLi|L

√
1

2π
· exp

[
−1

2

(
E(Li) +Qi − µLi|L

σLi|L

)2
]
, (3)

where σi and σL are the standard deviations of the losses of company i and the industry in to-

tal, respectively, µi = E(Li), µL = E(L), and N(·) represents the standard normal distribution

function. Denoting the correlation coefficient between Li and L as ρi,

µLi|L = µi +
ρiσi
σL

(L− µL),

and

σ2
Li|L = σi(1− ρ2i ).

5Cummins et al. (2002) also note the likelihood of reinsurer insolvencies leading to knock-on insolvencies in the
primary insurance market.
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The response function for insurer i is

Ri|L =E(Li) +Qi − E(Ti|L)

=[E(Li) +Qi]N(−Ci) + µLi|LN(Ci)− σLi|Lf(Ci), (4)

where

Ci =
E(Li) +Qi − µLi|L

σLi|L
,

and f(·) is the standard normal density function.

To estimate the aggregate response function for the industry, we first obtain the parameter

estimates in Equation 4 for each insurance company. Similar to Cummins et al. (2002), we expect

(and observe) a positive linear trend in related insurance losses, which would otherwise inflate the

correlation coefficients and standard deviations in our analyses. We detrend the data by substituting

residuals from time trend regressions for the raw data.

4 Capacity analysis

In addition to the model, which distributes levels of industry loss across insurance companies, our

industry capacity estimate requires several elements. We need the details of each state’s guaranty

fund rules, particularly those related to the grouping of lines for assessment purposes. We also

need data on premiums written by line of business and by state to estimate firm level guaranty

fund assessments. Finally, we need data on each insurance company’s financial resources (surplus)

to determine the amount of loss each insurer can experience while remaining solvent.

4.1 Sample selection and summary statistics

Our analysis requires firm and firm-state level data. Firm level variables include policyholder

surplus and company financial characteristics. The firm-state level variables are direct premium

written and direct losses incurred by line of business.6 We collect these variables from the insurer

financial statement data compiled by the NAIC between the years of 2005 and 2019. Though the

most recent report year available at the time of the study is 2021, we use estimates for 2019 to

minimize the effects of Covid-19 lock-downs on the premiums written and the losses incurred.

Insurance companies often organize as affiliated groups, and data are reported at both the indi-

vidual firm level and at the group level for these firms. It is not obvious which unit of observation

is most appropriate for our analysis. Because of overlapping ownership and complex pooling of

liabilities within groups, the firm-level observations of assets, liabilities, and surplus of individual

6We include incurred loss adjustment expenses in our measurement of direct losses incurred.
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group members are not accurate (NAIC, 2019).7 However, if we use group-level data for affiliated

firms, we implicitly assume that groups will not let individual members fail. Although reinsur-

ance contracts among affiliates and franchise value considerations reduce the probability that a

group could carry on after allowing an affiliate to fail, we cannot completely rule out the scenario.

Therefore, like Cummins et al. (2002), we report results at both the group and individual company

levels.

Next, we follow the common practice of cleaning the NAIC data. These data include obser-

vations of insurance companies that are just starting up or winding down, resulting in negative

premiums, losses, or surplus. We remove all firms having negative assets, negative liabilities, or

negative premiums earned. We use all stock, mutual, and reciprocal insurers.Other potential organi-

zational forms (including Lloyd’s associations, risk retention groups, captives, trusts, and state-run

residual market pools) do not participate in state guaranty associations.

Table 1 shows the distribution of premiums in 2019. It reports separately for the full sample

of insurers and for those insurers that write climate related lines of insurance, which potentially

provide most of the natural disaster coverage.8

Only a bit more than half (21,025 out of 36,194 for the insurer level, 6,614 out of 12,279 for

the insurer group level) of the insurer-state observations in our sample report positive premiums in

related lines of insurance; however, these insurers represent 72.8% (92.4%) of industry surplus and

69.7% (93.9%) of total earned premium at the insurer (insurer group) level.

4.2 State guaranty funds

Insurance guaranty associations exist to protect policyholders and claimants from insurance com-

pany insolvencies. When an insurance company becomes insolvent, guaranty funds ensure that up

to $300,000 of each claim for which the insolvent insurer is liable gets paid.9 In addition to the

$300,000 limit, guaranty association coverage is incomplete due to restrictions based on the wealth

of the claimant or insured. There are also limits on how much each insurer can be required to pay

in a given year, which can delay claim payments. The funds used to pay these claims are obtained

through post-loss assessments of solvent insurers.

Guaranty funds are organized and administered at the state level, and participation by insurers

writing business in the state is compulsory. Though there are many similarities across state guaranty

fund structures, there are also a handful of differences. The important differences for our purpose

involve the maximum possible assessment that can be levied on any insurer, which differs across

7The industry-wide sum of group surplus in 2019 equals $855 billion and the sum of individual company surplus
equals $1.03 trillion. Thus, observations at the firm level overstate surplus by more than 20%.

8Although earthquake insurance covers catastrophic losses, we do not observe major earthquake losses in our
sample.

9The most common limit is $300,000. Ten states provide limits greater than $300,000, with the most common
being $500,000. Three states specify limits less than $300,000.

9

Electronic copy available at: https://ssrn.com/abstract=4207834



Table 1: Distribution of premiums and surplus ($ millions).

N Mean Std Dev Sum Maximum

Insurer level

Surplus (FS) 2,113 486 4,706 1,027,389 167,719
Surplus (CRLS) 1,333 561 4,919 748,414 167,719

Total Net Premium Earned (FS) 2,113 656 2,464 1,385,931 79,811
Total Net Premium Earned (CRLS) 1,333 724 1,875 965,566 39,811

Insurer -state level

Total Net Premium Earned (FS) 36,194 38 187 1,385,931 8,365
Total Net Premium Earned (CRLS) 21,025 46 170 965,566 6,639

Net Premium Earned in Related Lines (CRLS) 21,025 8 39 164,921 1,971

Insurer group level

Surplus (FS) 884 967 8,548 855,063 216,581
Surplus (CRLS) 486 1,626 11,482 790,330 216,581

Total Net Premium Earned (FS) 884 1,547 7,923 1,367,522 128,673
Total Net Premium Earned (CRLS) 486 2,641 10,500 1,283,510 127,373

Insurer group-state level

Total Net Premium Earned (FS) 12,279 111 514 1,367,522 12,957
Total Net Premium Earned (CRLS) 6,614 194 687 1,283,510 12,957

Net Premium Earned in Related Lines (CRLS) 6,614 25 91 167,139 2,286

Note: Dollar amounts are shown in millions. FS denotes the full sample of insurance companies.
CRLS indicates the climate related lines sample, which includes companies that underwrite property
insurance for wind and water perils. Surplus is assets minus liabilities calculated at company level
(does not distinguish across states). Total Net Premium Earned is premium earned net of reinsurance.
Source: NAIC InfoPro Database, 2019.

10

Electronic copy available at: https://ssrn.com/abstract=4207834



states and ranges from 1% to 3% of total premium written in the state’s account associated with the

unpaid claims of the insolvent insurer(s), and the account structure, which is used when determining

whether the assessment is made on any particular insurer. More specifically, the number of accounts

in each state’s guaranty fund ranges from 1 to 6, and even if the numbers of accounts are the same

for two states, the components within the accounts might differ. Last but not least, each state

excludes certain lines of business from participation in the guaranty fund. Excluded lines differ

across states, but the most commonly excluded lines are financial lines (credit, fidelity, mortgage

guaranty, financial guaranty, surety, and warranty) and ocean marine.

Each state’s guaranty fund groups lines of business together in an “account” structure.10 Any

losses covered by a state’s guaranty fund are assessed to solvent insurers in proportion to their state

level market share (as measured by direct premiums written in the previous year) in the account

associated with the unpaid losses for which the assessment is made. Some (17) state associations

are organized under a single account, meaning that assessments are made to all insurers writing

in the state in proportion to their total market share in the state. This is done without regard to

the line of business in which the original losses arose. Other states divide the market into two or

more accounts. The most common account definitions are Workers’ Compensation, Automobile,

and All Other. States with only two accounts usually define them as Workers’ Compensation and

All Other. Nonstandard and financial lines such as surety, warranty, title, mortgage guaranty, and

credit are generally excluded from all accounts.

The importance of recognizing the account based nature of guaranty fund assessments is that

any capital held by an insurer may be used to pay losses, regardless of whether the assessed insurer

writes business in the insurance line to which the losses may be directly attributed. This structure

creates a pooling mechanism that increases industry capacity in almost every line of insurance. The

power of state guaranty funds to redistribute any residual unpaid losses that result when a subset of

insurers lacks the surplus necessary to fulfill its liability obligations within a state to capital-holding

insurers in the event of a significant loss shock, as we show, has a significant impact on the resulting

industry-wide paid losses. It is therefore important to consider the potential impact of guaranty

fund participation in any accurate measure of insurance industry capacity.

Finally, insurers are permitted to recoup guaranty fund assessments by various methods in most

states. In 20 states, surviving insurers can offset guaranty fund assessments against state premium

taxes on a specified schedule (most often 20% per year over 5 years). In the remainder of states

insurers are permitted to recoup assessments by increasing rates or adding surcharges to premiums

over a similar period. However, given the price elasticity of insurance coverage for catastrophic

losses, rates and surcharges are less certain than tax credits. Moreover, those insurers could fail

before they fully recoup the assessments.

10NCIGF (2019) describes the account details in each state.
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4.3 Parameter estimation

Not all of the insurers in the 2019 sample are present in the entire estimation sample period (2005-

2019). To obtain the parameters for the insurers that are not present for the entire sample period,

we first estimate parameters for the full-time series (FTS) companies (companies present in our

data in at least 14 years of our 15 year sample period).11 Recall that we treat an insurer in each

state as a separate entity, denote List as the direct losses of insurer i in state s during year t, and

Lt as total industry losses in year t. We determine the variance in losses over time for insurer i in

state s and the industry as:

σ̂2
is =

1

T − 1

T∑
t=1

(List − L̄is)
2 , (5)

and

σ̂2 =
1

T − 1

T∑
t=1

(Lt − L̄)2 , (6)

where L̄is = 1
T

∑T
t=1 List, and L̄ = 1

T

∑T
t=1 Lt. The correlation coefficient between the losses of

insurer i and the industry losses can be obtained as:

ρ̂is =
1

T−1

∑T
t=1(List − L̄is)(Lt − L̄)

σ̂isσ̂
. (7)

We estimate detrended parameters for the standard deviation and the correlation coefficient of

each insurer by first estimating the following regressions on the full-time series (FTS) companies:

List = β0is + β1ist+ εist , (8)

and

Lt = β0 + β1t+ εt . (9)

Once we obtain the residuals from the regression models, we plug the estimated values of εist and

εt into Equations 5 through 7 to get the estimates of detrended loss standard deviations and the

correlation coefficients.

We then use the estimated detrended parameters as dependent variables, and run the regression

11Cummins et al. (2002) require insurers to be in the sample for all 15 years. Given the merger and acquisition
activity during our sample period, requiring 15 consecutive years is too limiting for our analysis.
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model (Equation 10) on company financial characteristics using the FTS sample:

Y = β0 + β1
surplus

assets
+ β2 log(net losses) + β3 log(surplus) (10)

+ β4return on assets+ β5
net income

net premium written

+ β6
reinsurance receivable

assets
+ β7

stocks

assets
+ ε .

After the regression analysis, we insert the 2019 company financial characteristics of both FTS

insurers and non-full time series (NFTS) insurers into the regression models to obtain the fitted

values of parameters. This smooths the parameter series for insurers in the FTS sample and provides

parameter estimates for insurers that are in the NFTS sample. By definition, the loss standard

deviation must be positive, and the correlation coefficient must be between −1 and 1. Therefore,

parameter estimates outside of these ranges are changed to the respective closest values of valid

estimates. The average estimates for σ̂2
is and ρ̂is are 0.004 and 0.063 for the company level, and

0.012 and 0.084 for the group level, respectively. We then include both FTS insurers and NFTS

insurers in the analysis of industry capacity.

And finally, we set the expected losses of insurer i in state s, E(Lis), and the expected losses for

the industry, E(L), in 2019 to the respective levels of direct losses during that year.12 Moreover,

we assume that the additional simulated losses result from the unexpected loss claims attributable

to climate change. Hence, using the levels of direct losses as the expected losses in the response

functions can give us direct estimates of payouts given different sizes of total unexpected loss.

4.4 Insurance industry capacity

Next, we determine the expected payouts for each insurer given increasingly large industry loss

amounts using Equation 4. We assume the losses in excess of the total direct losses observed in 2019

would be the unexpected losses related to climate change, thus these losses represent the proportion

of losses ranging from the industry’s expected loss, E(L), to E(L) + $1 trillion, the maximum of

such losses we impose in the analysis. The total loss of the insurance industry is determined as

the sum of all insurer losses. To ensure this property, we scale each insurer’s response function

estimated from Equation 4 using

R̂is|L = Ris|L · L∑N
is=1Ris|L

. (11)

We consider insurer i to become insolvent when i’s total loss (across all of its operating states)

exceeds its total resources. Hence, i’s total loss payment is capped at its total resources – the sum

of its expected losses and its surplus. In the case of insolvency, i’s total capital is distributed among

12The total amount of direct losses during 2019 for all related lines of insurance is approximately $100 billion.
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the states in which it writes business according to the ratio of its loss in each state s to its total

loss in all the states. The final contribution of insurer i to the losses in state s (Payis) for industry

loss L is determined by

Payis|L = min

{
R̂is|L , [E(Li) +Qi] ·

R̂is|L∑
s R̂is|L

}
. (12)

The industry’s total payment in state s for loss L is determined as the sum the conditional

expected payments of all insurers operating in the state.

4.4.1 Guaranty fund assessment in state s

After determining the total amount paid by all insurers in each state, we calculate the total unpaid

losses in state s by summing the state level unpaid losses across all insurers. That is,

(0L
u
s )

′ =
∑
i

R̂is|L− Payis|L , (13)

where (0L
u
s )

′ is the total unpaid loss in state s during the initial (pre-assessment) period t = 0.

Because guaranty assessment funds are incomplete, we allow G to be the proportion of these unpaid

losses that is covered by state s’s guaranty fund. Then the total unpaid loss that is assessed to

insurers in state s by the guaranty association is

0L
u
s = G (0L

u
s )

′ . (14)

We begin with G = 1 in our analysis, which assumes all the unpaid loss will be covered by the

guaranty fund. We will discuss the impacts of G < 1 later.

4.4.2 Guaranty fund assessment of insurer i in state s

Each state’s guaranty fund assesses insurer i for unpaid losses in the state resulting from insurer

insolvencies in proportion to i’s share of the state’s total direct written premium across all lines in

the account that contains the line of business from which the unpaid losses arise. Let

1Prems =
∑
i

∑
l

DPWisl · 1Soli ·Rell , (15)

where 1Prems is the total direct premiums written in state s across all lines belonging to the same

account as does related lines of insurance in state s’s guaranty fund, 0Soli is an indicator variable

that takes the value of 1 if insurer i is solvent after paying
∑

s Payis|L for its unexpected losses

in all of its operating states, and 0 otherwise, Rell is an indicator variable that takes the value of

1 if line of business l belongs to the the same guaranty fund account as related lines of insurance
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in state s, and 0 otherwise, and DPWisl is the direct premium written by insurer i in line l in

state s. Different states have different guaranty fund account structures and respective excluded

lines of business, the relevant account lines considered in state s are those associated with related

lines of insurance in the state, according to its guaranty assessment rules. Furthermore, we assume

that insurers belonging to the related guaranty fund account but not writing any related lines of

insurance stay solvent after the unexpected loss.

Then i’s proportion of 1Prems is

1Propis =

∑
l DPWisl · 1Soli ·Rell

1Prems
, (16)

and i’s assessment for unpaid losses in state s during the first year is given by

1Lis = min

{
0L

u
s · 1Propis , Caps ·

∑
l

DPWisl · 1Soli ·Rell

}
, (17)

where 0L
u
s is as described in Equation 14, and Caps represents the ”maximum assessment rule” for

state s, which is a certain percentage of the insurer’s direct premiums written.

The total assessment made on insurer i across all states in which it writes business in relevant

lines is then determined as

1Li =
∑
s

1Lis . (18)

Prior to any guaranty fund assessments, but after paying Payis|L for the initial loss from its

initial surplus 0PHSi, solvent insurer i has remaining surplus

1PHSi = 0PHSi − Payis|L . (19)

Therefore, 1PHSi is the amount of insurer i’s surplus available to pay assessments 1Li, and the

resulting total assessment paid by insurer i across all states is

1L
p
i = min {1PHSi , 1Li} , (20)

and the assessment paid by insurer i in state s is

1L
p
is = min

{
1PHSi ·

∑
l DPWisl · 1Soli ·Rell∑

s

∑
l DPWisl · 1Soli ·Rell

, 1Lis

}
. (21)

We assume that insurer i does not become insolvent following its assessment by the guaranty

fund and that it will remain solvent at least until it pays its share of the assessment. Therefore,

after the initial assessment, each insurer will pay the maximum annual assessment set by each state,

or its entire remaining assessment, whichever is smaller. We then calculate the time it would take
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to pay all the unpaid claims.

5 Results

We sum the conditional expected payments of all insurers to obtain the industry’s initial payments

given various levels of unexpected industry loss L. We calculate the total guaranty payments during

the first year, as well as the industry’s total payment during the first year as the sum of the initial

payment and guaranty assessment. Figure 2 shows the response functions of the industry, from the

insurer level analysis and the insurer group level analysis, respectively.

Figure 2: Total amounts paid (Group and single insurer level).

The results captured in Figure 2 demonstrate the current insurance industry response to a

range of losses from natural catastrophes. We find that the guaranty assessment increases the

total amount paid by the industry, but the significance of the enhancement is decreasing rapidly

as the total loss increases. This is because there exists a maximum amount each surviving insurer

can be assessed each year, and this amount does not increase with the amount of unpaid claims.

Additionally, as the total loss increases, more insurers become insolvent, leaving even fewer insurers

to be assessed.
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Figure 3 shows the amounts of capital lost due to insolvencies across the range of losses we impose

on the industry, from both levels of analysis. Following a $1 trillion unexpected loss, approximately

half of the industry’s total surplus in the study before the losses is wiped out because of insolvencies.

The amount that remains outstanding is paid over time. It is not charged against surplus because

U.S. statutory accounting permits anticipated future recoupments as assets on insurer balance

sheets (NAIC, 1999).

Figure 3: Capital lost due to insolvencies (Group and single insurer level).

We also calculate the total number of years it would take the current guaranty fund system to

fully pay for any unpaid claims, and we find that the time required to indemnify all policyholders

increases with the amount of total loss. In our insurer (insurer group) analyses, we find that it

takes a state up to 852 (1,126) years to fund all initially unpaid claims when the unexpected loss

reaches $1 trillion. Figure 4 shows the maps of time to pay for all the states given a $1 trillion

unexpected industry loss.

When we assume G < 1 (i.e., less than 100% of unpaid loss is covered by guaranty funds),

the amount paid by guaranty funds decreases proportionally, which will in turn reduce the total

amount paid. In addition, the time needed to pay all the “assessable” unpaid losses will decrease

proportionally, but this comes at the cost of the “unassessable” unpaid losses staying unpaid in-
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Figure 4: Time to pay.

Panel 1: Group insurer level

Panel 2: Single insurer level
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definitely.

6 Public policy considerations

State guaranty associations have performed well to date. However, as we demonstrate above, they

are vulnerable to the potential enormous losses expected to accompany climate change in years to

come. It is therefore important to consider public policy that will address these concerns.

Beyond the initial insolvencies and delayed claim payments from the guaranty fund system,

the guaranty fund assessments present a threat to the ongoing operation of the current insurance

industry. If all existing insurers must pay 2% of premiums written in the prior year to guaranty

funds, any new market entrant will have them at a decided disadvantage. As new companies with

lower prices accumulate market share, the existing companies will have fewer remaining resources

with which to underwrite insurance or pay guaranty fund assessments.

Our analysis suggests three public policy interventions that could improve outcomes for con-

sumers. The first is to enhance the borrowing capacity of state guaranty funds. The second is

create a tax on new companies entering the market, which levels the playing field with existing

insurers. The third is to require that insurance groups co-mingle their assets and liabilities among

group members.

Because the U.S. guaranty fund system does not create insolvencies, and assessments are gener-

ally capped at 2% of written premium, extremely large losses delay the payment of claims owed by

guaranty funds. One solution to delayed claim payments is to enhance guaranty funds’ capacity to

borrow. Recognizing this potential solution, 32 states currently allow their guaranty associations

to issue debt. However, even if the other 18 states permit borrowing (which we recommend), it is

not obvious that private debt markets will be willing to provide the requisite amount of capital.

Intervention by state or federal government can improve the creditworthiness of state guaranty

funds. Government entities can act as cosigners on debt in private lending markets, or they can

lend directly to the guaranty funds. Alternatively, in the case of insurance for housing, existing

quasi-government agencies (e.g. Fannie Mae and Freddie Mac) may have incentives to facilitate

borrowing for guaranty funds, because insurance protects the collateral on their loans. Regardless

of the source of debt capacity, it is important that this solution to be implemented before it is

needed.

Our second policy recommendation is a tax on insurers entering the markets (states and lines

of business) for which guaranty fund assessments are being charged. The tax will prevent new

insurers from having a competitive advantage over existing insurers. It can be used to accelerate

payment of the assessments. Protecting existing companies increases the probability of collecting

assessments sufficient to pay the outstanding claims of the guaranty funds, and it improves the

guaranty funds’ creditworthiness.
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Our final suggested policy intervention is to require insurance groups to explicitly support their

subsidiaries in the event of insolvency. Recall from Figure 2 the substantial difference in claims

paid between the group sample and the individual company sample. As we mention above, it

is likely that groups will support subsidiaries in this fashion, given the contractual obligations of

intragroup reinsurance transactions in addition to the long-term financial benefits of maintaining

franchise value. However, eliminating this uncertainty would improve market performance when an

unprecedented loss occurs. If insurance groups do not plan to honor claims against their insolvent

affiliates, making this known would also reduce the uncertainty.

We contend that the cost of capital required to avoid insolvencies and guaranty fund failures

would be price prohibitive if insurers must hold (and pay investors a return on) capital before such

a large and unprecedented loss occurs. However, by funding the capital post-loss and spreading

the cost to all consumers and taxpayers through the guaranty fund system, the private market for

property insurance can sustain an enormous unexpected loss.

7 Conclusions

The insurance mechanism is designed to pool risk and share losses across a collection of individuals

or companies facing uncertain future outcomes. State level guaranty associations facilitate consumer

protection by transferring the risk associated with insurer default to other insurers operating in the

same markets. As the frequency and severity of catestrophic property losses increase due to climate

change, the resilience of the insurance industry and the guaranty fund system must be reevaluated.

We measure the capacity of the U.S. property-liability insurance industry by simulating loss

events of increasing magnitude. Unlike prior studies we have seen, we estimate the impact of losses

at the insurer-state level and consider the additional role of the guaranty fund system. We find that

the protection provided by the guaranty fund system decreases as loss size increases. When fewer

insurers exist to pay for insurer insolvencies, covered losses go unpaid. Because annual assessments

of solvent insurers are capped, the full capacity of the industry cannot be leveraged in the case of a

large scale loss event. In our group-level model, unexpected losses totaling $300 billion deplete the

smallest state guaranty fund (Wyoming), requiring them to pay over multiple years.13 The guaranty

fund with the greatest resources (Florida) can pay its share of up to a $540 billion aggregate loss in

the first assessment year. An aggregate loss of $520 billion would take the average state guaranty

fund 10 years to complete assessments and pay all claims. At the limit of our analysis, we estimate

that it would take the average state in excess of 100 years to fully fund claim payments in the case

of a $1 trillion unexpected loss.

We conclude that the amount of insurer capital holdings required to protect policyholders

following a large climate-related loss is prohibitive. The associated challenges are increasing in both

13In the state-level analysis the smallest guaranty fund is depleted by a $50 billion aggregate loss.

20

Electronic copy available at: https://ssrn.com/abstract=4207834



the frequency and severity of natural disasters. Significant changes, perhaps including government

funded or subsidized lending to improve liquidity and accelerate guaranty fund claim payments,

may be necessary to ensure the resilience of the U.S. property-liability insurance industry to the

impending effects of climate change. We also recommend state-level legislative action to prevent

guaranty fund failures by enacting a market stabilizing tax on new market entrants following large

scale insolvencies and extremely large guaranty fund assessments. Finally, state regulators should

require insurance groups to clearly state whether or not they will honor claims against their insolvent

affiliates. By removing this uncertainty, estimates of guaranty fund performance will become more

accurate and the industry response more efficient.
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