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ABSTRACT

The impact of uncertainty shocks on firm-level economic activity depends on their origin in supply chains.
Upstream (downstream) uncertainty from suppliers (customers) is associated with variability over future
input (output) prices. Consequently, a real-option production model with time-to-build suggests that only
upstream uncertainty suppresses investment, since upstream (downstream) uncertainty affects the shorter
(longer) run. Production network data show that upstream uncertainty negatively affects firm-level outcomes.
Conversely, downstream uncertainty affects firm-level outcomes more weakly but positively. At the macro
level, these two uncertainties oppositely predict aggregate growth and asset prices. Overall, downstream

uncertainty has an expansionary effect, in contrast to other facets of uncertainty.

JEL classification: E32, D81, D50, L14, G11, G12
Keywords: Production Network, Macro-Finance, Uncertainty, Investment, Real Option, Time to

Build

*Fotis Grigoris is at Tippie College of Business, University of Iowa. Gill Segal (corresponding author, Gill_Segal®@
kenan-flagler.unc.edu) is at Kenan-Flagler Business School, University of North Carolina at Chapel Hill. We are indebted
to Editor Urban Jermann, an anonymous Associate Editor, and two anonymous referees for invaluable comments. For helpful
comments and suggestions, we also thank Vikas Agrawal, Hengjie Ai (discussant), Ravi Bansal, Matteo Binfare, Nick Bloom,
Daniel Carvalho, Bhagwan Chowdhry, Riccardo Colacito, Andrea Eisfeldt, Jack Favilukis, Michael Gallmeyer (discussant),
Jon Garfinkel, Lorenzo Garlappi, Naveen Ghondi (discussant), Christian Heyerdahl-Larsen, Lixin Huang (discussant), Philipp
Tlleditsch, Rustom Irani (discussant), Ravi Jagannathan, Gustavo Joaquim (discussant), Shane Johnson, Preetesh Kantak,
Lars-Alexander Kuehn (discussant), Erik Lie, Sydney Ludvigson, Michael O’Doherty, Richard Peter, Pavel Savor (discussant),
Petra Sinagl, Michael Woeppel, Wei Wu (discussant), Keer Yang (discussant), Nancy Xu, and Michael Young, and seminar and
conference participants at Indiana University, The University of Iowa, The University of Missouri, The University of Western
Australia, Korean Business School, North Carolina State University, University of Virginia, Penn State University, the 2024
econometric society meeting, the 2022 Midwest Finance Association Annual Meeting, the 2022 Young Scholar Finance Con-
sortium, the 2022 Conference on Financial Economics and Accounting, the 2022 Financial Management Association Annual
Meeting, the 2022 Eastern Finance Association Annual Meeting, the 2021 Indian Business School Summer Research Conference,
the 2021 Northern Finance Association Annual Meeting, the 2021 European Economic Association Annual Meeting, the 2021
Wabash River Finance Conference, the 2021 New Zealand Finance Meeting, the 34th AFBC, the 2021 Financial Markets and
Corporate Governance Conference, the 2023 SITE - Asset Pricing conference, and the 2023 SITE - Uncertainty and Volatility
conference. We have read The Journal of Finance disclosure policy and have no conflicts of interest to disclose. All errors are
our own.


Gill_Segal@kenan-flagler.unc.edu
Gill_Segal@kenan-flagler.unc.edu

The global economy experienced unprecedented uncertainty during the Great Recession and
the COVID-19 pandemic. Accordingly, a growing body of literature in macroeconomics and
finance documents that increased uncertainty is typically associated with lower investment
rates, economic output, and asset prices.

By and large, the literature has taken a “top-down” approach to study the effects of un-
certainty, either by constructing measures of aggregate uncertainty or by assuming common
uncertainty shocks in equilibrium models. In contrast, this paper takes a “bottom-up” ap-
proach to study firm-level investment decisions under micro-level uncertainties that originate
from different locations in each firm’s supply chain. In particular, questions that we address
include: what is the relation between a firm’s upstream uncertainty (i.e., the uncertainty
originating from suppliers) and its investment rate, does a similar relation hold with a firm’s
downstream uncertainty (i.e., the uncertainty originating from customers), and moving from
the micro to the macro level, do these uncertainties suppress economic growth and financial
valuations, and do they rise in recessions?

By combining two comprehensive data sets on dynamic supplier-customer relationships,
we document a great deal of asymmetry between the impacts of each firm’s upstream and
downstream uncertainty. We empirically show that higher upstream uncertainty tends to
decrease firm-level investment, inventory, and hiring, whereas higher downstream uncertainty
has a positive effect on these variables. The fact that downstream uncertainty can spur firms’
economic activity is novel and stands in contrast to the commonly documented negative
interaction between real outcomes and other facets of uncertainty.

We also show that this asymmetry between upstream and downstream uncertainty holds
at the aggregate level. Using a measure of upstreamness (i.e., distance to final consumers)
that is based on the Bureau of Economic Analysis’s (BEA’s) Input-Output tables, we classify
industries as upstream or downstream and compute the macro-level uncertainty of each
group. We then show that these macro-level upstream and downstream uncertainties induce
polar opposite and significant effects on aggregate variables such as consumption, output,

investment, and the market’s valuation, in line with the micro-level evidence. Moreover, we



show that the marginal utility of investors rises (falls) with more upstream (downstream)
uncertainty. This stark difference between the two uncertainties, and the positive effects of
downstream uncertainty in particular, may help reconcile why the causality or the magnitude
of the relation between uncertainty and the economy is sometimes called into question.

To motivate the empirical analysis, we consider several a priori differences between up-
stream and downstream uncertainty. One prominent difference relates to the horizon at
which each facet of uncertainty impacts firms via relative prices. To see this, consider a
typical investment project that comprises three steps: purchasing inputs from suppliers,
using these inputs to assemble a product, and then selling this product to customers. In
reality, the middle stage — often referred to as the firm’s “time-to-build” — can be lengthy
due to the time required to process the inputs, perform research and development (R&D),
clear regulatory bars, or construct any necessary equipment. Consequently, upstream uncer-
tainty, which is associated with the input prices paid to suppliers, typically affects firms in
the short run, while downstream uncertainty, which is associated with the sale price received
from customers, typically affects firms in the longer run.! We check whether this intrinsic
horizon-based asymmetry between the two uncertainties yields different implications for firm
investment.?

To fix ideas about investment under these supply-chain uncertainties, we construct a
production-based framework in which the firm is endowed with a growth option. Exercising
this option involves the firm buying inputs from its supplier, building extra capacity, and then
selling a stream of output generated by the additional productive capacity to its customers.

The project involves time-to-build since any inputs purchased from the supplier take time

1Economic shocks to a firm’s suppliers (e.g., technology or markup shocks) affect the firm’s input price by
shifting the supply of inputs (assuming supply and demand curves are not perfectly elastic). Thus, upstream
economic uncertainty is related to input price uncertainty. Likewise, economic shocks to a firm’s customers
affect the firm’s selling price, so downstream economic uncertainty is related to output price uncertainty.

20f course, there could be exceptions to this horizon-based asymmetry. In some cases, investments involve
pre-paid orders. In other instances, futures contracts that hedge output price variation (e.g., for certain
commodity producers) may exist. Nonetheless, to the extent that actual production entails an exchange of
goods with suppliers before an exchange of goods with customers, this horizon-based asymmetry is largely
descriptive of the typical investment project. In our empirical analysis, we find evidence that supports this
assumption of horizon asymmetry, through the lens of our model.



to become operational. The project is also partially reversible, as the firm can shed excess
capacity through disinvestment (i.e., abandoning the project). Every period, the firm chooses
between exercising the option immediately or waiting. In the model, upstream (downstream)
uncertainty, broadly defined as the return volatility of suppliers (customers), is endogenously
linked to the future input (output) price uncertainty the firm faces.

As is standard in real-option models, there is value in waiting for new information to
arrive before committing to the project. By waiting, firms can learn good news about the
input price dropping while avoiding bad news about the output price dropping. Since higher
upstream and downstream uncertainty are associated with an increased likelihood of extreme
input and output prices, both types of uncertainty increase the option value of waiting.

However, there is also an opportunity cost of waiting to invest. By not investing today,
the firm forgoes any profits it could have earned during the waiting period. These forgone
revenues become stochastic with time-to-build, as the missed revenues depend on the fu-
ture output price that is realized only when the time-to-build period ends. The option to
abandon the project limits potential losses and makes this opportunity cost of waiting a
convex function of the future output price. Consequently, this cost of waiting increases with
downstream (or output price) uncertainty but is unaffected by upstream (or input price)
uncertainty.

The fact that the opportunity cost of waiting rises with downstream uncertainty but is
unrelated to upstream uncertainty creates an asymmetry between these two types of uncer-
tainty. If the time-to-build period is sufficiently long, then downstream uncertainty can cause
the opportunity cost of waiting to dominate the benefit and hasten investment. This leads us
to hypothesize that (i) the relation between upstream uncertainty and investment is unam-
biguously negative, while (ii) the relation between downstream uncertainty and investment
is weaker but can be positive.

Motivated by these hypotheses, we examine the relations between corporate investment
and these two types of uncertainty by collecting granular data on supplier-customer links

from Compustat Segments and Factset Revere. We combine these sources to obtain the



most complete dynamic data for each firm’s customers and suppliers given data availability.
Notably, while input and output prices are not directly observed in the data, the model
predicts that a firm’s input (output) price uncertainty is positively related to uncertainty
over the valuations of its suppliers (customers) in equilibrium. We verify this relation using
the NBER-CES manufacturing database and consequently measure each firm’s upstream
(downstream) uncertainty using its suppliers’ (customers’) realized stock return volatility.
Robustness tests show similar results using a forward-looking uncertainty proxy based on
option-implied volatility.

We next estimate panel regressions in which the dependent variable is a firm’s invest-
ment rate, working capital growth, intangibles growth, hiring growth, or cost of goods sold
(COGS) growth, and the independent variables include the firm’s upstream or downstream
uncertainty, the firm’s own uncertainty, and a host of controls. We show that upstream
uncertainty has a strong downstream effect and is associated with a significant reduction in
all variables of interest, consistent with our first hypothesis. In contrast, higher downstream
uncertainty impacts focal firms more weakly in absolute terms and often with the opposite
sign: it has either no effect or a positive impact on these outcomes, in line with our second
hypothesis.

Given the challenge of finding exogenous shocks to these supply-chain uncertainties, we
interpret these empirical results through the lens of our motivating model and the broader
literature on the established effects of supply-side shocks. Nonetheless, we also provide
suggestive causal evidence using an instrumental variables (IV) approach.®

We test two additional model-implied hypotheses to tighten the link between the former
results and our theoretical framework. Our first test classifies firms as having long or short
time-to-build based on one of three proxies: the firm’s sector, R&D intensity, or depreciation

rate. The first proxy is motivated by the fact that the construction of nondurable consump-

3See Section II for a discussion on the paths through which uncertainty shocks operate. We note two ad-
ditional caveats. First, the validity of this empirical evidence does not depend on the particular assumptions
of our economic model, and we do not rule out that the findings may also arise for reasons outside of our
framework. Second, even if the relation between downstream uncertainty and investment is noncausal, its
sign stands fundamentally in contrast to the common negative interaction between uncertainty and growth.



tion goods and services is generally quicker than the construction of durable consumption or
investment goods. The second proxy is motivated by the fact that R&D-intensive projects
often have long incubation periods that precede the sale of output (e.g., the time it takes
for a biotechnology firm to develop and sell a drug can exceed 10 years). The third proxy
reflects the notion that building more persistent capital typically requires more planning
and construction time. Using each proxy, we find that the relation between downstream
uncertainty and investment is significantly higher (more positive) among firms with longer
time-to-build, consistent with the theory. Our second test shows that the positive (nega-
tive) effect of downstream (upstream) uncertainty is amplified (attenuated) for firms whose
abandonment option is less costly, as proxied by the degree of capital redeployability.
While our motivating framework pertains to firm-level outcomes, we also examine
whether the asymmetry between upstream and downstream uncertainty holds at the aggre-
gate level. To this end, we use the BEA’s Input-Output tables to construct “upstreamness”
scores that capture each industry’s weighted distance from the production of final consump-
tion goods (see Antras and Chor (2018) and Gofman, Segal, and Wu (2020)). We then
dynamically classify each industry as upstream (downstream) if its upstreamness score is
at the top (bottom) of the cross-sectional distribution of these scores. To parallel our firm-
level analyses, we proxy for these macro-level upstream and downstream uncertainties by
computing the average realized stock return volatility of each of these two groups of firms.
We then compute impulse responses from each type of macro-level uncertainty to output,
consumption, and investment growth, the market’s price-to-dividend ratio, and the risk-free
rate using smooth local projections (Barnichon and Brownlees, 2019). Controlling for both
uncertainties, the impulse responses from macro-level upstream (downstream) uncertainty
shocks to these variables are negative (positive), in line with the micro-level evidence. In
absolute terms, the negative impact of macro-level upstream uncertainty is stronger than the
positive impact of macro-level downstream uncertainty. Lastly, we estimate the market prices
of risk of the predictable components of the macro-level uncertainties using a Generelized

Method of Moments (GMM) procedure. In line with the impulse responses to consumption,



we find that macro-level upstream (downstream) uncertainty has a negative (positive) price
of risk. That is, macro-level upstream (downstream) uncertainty increases (decreases) the
marginal utility of investors.

Our results have potential implications for policymaking. First, understanding whether
increased macro-level uncertainty stems from upstream or downstream firms can help pol-
icymakers anticipate whether a contractionary shock will be amplified by uncertainty fluc-
tuations. For instance, we find that the rise in uncertainty at the onset of the COVID-19
crisis was driven largely by downstream firms, potentially accelerating recovery. This stands
in contrast to other recessions, where upstream uncertainty dominated from the outset.
Second, we show that the downstream uncertainty can positively influence investment in
longer-duration projects. Thus, regulations that extend the incubation period of projects
could attenuate the adverse effects of uncertainty on the economy.

In sum, our evidence highlights that not all types of uncertainty cause or are associated
with recessions: downstream uncertainty may induce the opposite — expansionary — effect.

The remainder of the paper is organized as follows. Section I discusses related literature.
Section II presents our theoretical framework. Section III provides micro-level evidence
consistent with the framework, and Section IV extends the analysis to the macro level.

Finally, Section V concludes.

I. Related Literature

The empirical literature in macroeconomics and finance typically documents a negative
relation between uncertainty and economic activity. On the macro side, the negative as-
sociation between growth and uncertainty is shown in Ramey and Ramey (1995), Martin
and Rogers (2000), Engel and Rangel (2008), Bloom (2009), and Baker and Bloom (2013),
among others. Nakamura, Sergeyev, and Steinsson (2017) report a negative association be-
tween growth and volatility shocks for a panel of countries.® Likewise, most asset pricing

studies suggest that higher aggregate uncertainty lowers valuations. Bansal, Khatchatrian,

4See Bloom (2014) for a comprehensive survey of uncertainty and macroeconomic growth.



and Yaron (2005) show that consumption volatility is negatively related to price-dividend
ratios. Boguth and Kuehn (2013) and Bansal et al. (2014) show that consumption uncer-
tainty has a negative price of risk, whereas Drechsler and Yaron (2011) report that higher
macroeconomic uncertainty positively predicts risk premia. The negative e ect of uncer-
tainty on asset prices also holds for other types of uncertainty, such as scal or monetary
policy uncertainty (Pastor and Veronesi, 2012; Croce, Nguyen, and Schmid, 2012; Baker,
Bloom, and Davis, 2016; Bretscher, Hsu, and Tamoni, 2020; Husted, Rogers, and Sun, 2020)
and the common component of idiosyncratic volatility (Herskovic et al., 2016).

A small set of papers nd evidence that uncertainty's impact on growth and asset prices
can be positive, at least for certain outcome variables or particular types of uncertainty. For
example, Stein and Stone (2013) nd that uncertainty depresses investment and hiring but
encourages R&D. In contrast, we show that the positive e ects of downstream uncertainty
are not con ned to R&D, but also extend to a wide range of outcomes, including capital
investment, consumption, intangibles, and stock prices. Other papers nd ambivalent links
between di erent facets of uncertainty and asset prices. Segal, Shaliastovich, and Yaron
(2015) distinguish between the negative and positive semivariances of industrial production
and show that the latter semivariance can increase stock priceédNe focus on total variation
and show that total variance has di erent implications depending on where it originates in the
supply chain. While Segal (2019) considers cross-sectoral heterogeneity in uncertainty and

nds that the total factor productivity (TFP) volatility of nal consumption (investment)

>Some studies also argue that in contrast to prior papers, the negative relation between uncertainty and
growth or asset prices is either weak or noncausal. Dew-Becker et al. (2017) nd that only short-run (realized)
volatility is priced by investors. Ludvigson, Ma, and Ng (2021) use structural vector autoregressions to show
that macroeconomic uncertainty shocks do not lead to a decline in industrial production, but the converse
is true { a drop in output predicts higher macroeconomic uncertainty. Our paper can perhaps reconcile the
mixed evidence regarding the strength or the causal impact of aggregate uncertainty on the real and the
nancial economy. We show that aggregate uncertainty has a component (namely, the downstream part) that
often exhibits a positive correlation with growth and asset prices. Due to the o setting e ects of upstream
and downstream uncertainty, the association between total macro-level uncertainty and economic growth
may become less pronounced or ambiguous.

60ther papers that depart from Gaussianity or feature an ambivalent relation between uncertainty and
asset prices include Okou et al. (2018), Ai and Kiku (2016), Dou (2017), Bianchi, Kung, and Tirskikh (2023),
Chang, d'Avernas, and Eisfeldt (2024), and Bekaert, Engstrom, and Xu (2022).



good producers negatively (positively) impacts asset prices, our baseline decomposition of
uncertainty into its upstream and downstream components is rm-speci ¢ and not based on
rms' sectors. In most cases, the rm, its customers, and its suppliers operate within the
same sector.

In line with extant studies, we demonstrate that not all types of uncertainty are negatively
correlated with the real and nancial economy. However, our evidence is granular: we start
with micro-level analysis and show that the same conclusions hold at the macro level. The
ndings also demonstrate that the e ect of uncertainty shocks can have both upstream and
downstream e ects, albeit with di erent implications and magnitudes’

The theoretical literature that treats uncertainty shocks as exogenous typically shows that
uncertainty leads to lower investment, consumption, and output. Higher uncertainty can lead
to higher markups (e.g., Ferrandez-Villaverde et al., 2015; Basu and Bundick, 2017), lower
utilization (Segal and Shaliastovich, 2025), or higher costs of capital (e.g., Christiano, Motto,
and Rostagno, 2010; Gilchrist, Sim, and Zakragek, 2014; Arellano, Bai, and Kehoe, 2019),
which reduces investment. Real-option studies (see, for example, Dixit (1992), Pindyck
(1993), Bloom (2009), and Alfaro, Bloom, and Lin (2024)) show that uncertainty can inhibit
investment due to a \bad news principle" (Bernanke, 1983), whereby uncertainty implies
that future bad states are more severe. With investment irreversibility, there is a greater
bene t of waiting for new information to avoid the potential loss incurred by investing just
before a bad state is realized, as the opportunity cost of waiting (namely, the forgone pro ts
during the waiting period) is typically deterministic.®

Nonetheless, related studies suggest that real-option models can be enriched to introduce
a countervailing force. Under certain assumptions, uncertainty can raise the opportunity

cost of waiting and/or expected pro ts (i.e., the \growth option" value). In these theories,

"While our paper considers the e ect of second-moment shocks, existing studies consider the e ect of rst-
moment shocks along the supply chain (see, for example, Atalay, Hortecsu, and Syverson, 2014; Acemoglu,
Akcigit, and Kerr, 2016; Bagaee, 2018; Carvalho et al., 2021).

8See, for example, Abel and Eberly (1994) for a detailed exposition of investment under uncertainty in a
model featuring adjustment costs and irreversibility, and Gulen and lon (2016) for recent evidence. Related,
Grullon, Lyandres, and Zhdanov (2012) show that the risk-return trade-o is driven by real options, while
Chaney, Sraer, and Thesmar (2012) consider the e ect of nancing frictions on investment.



a mean-preserving spread leads to an unbounded upside but a capped downside, suggesting
an increase in expected prots by convexity (e.g., Oi, 1961; Hartman, 1972; Abel, 1983;
Lyandres and Zhdanov, 2010). One assumption that yields an increase in the growth option
value, and the opportunity cost of waiting, is time-to-build (e.g., Majd and Pindyck (1987)

and Bar-llan and Strange (1996)).

Our contribution relative to these studies is twofold. First, we cast the notion of time-
to-build into a quantitative production environment and study a model that features two
stochastic types of uncertainty. We show that the time-to-build mechanism applies to down-
stream (output price) uncertainty but not to upstream (input price) uncertainty, and we
derive further theoretical predictions on when this outcome is more pronounced. Second,
our empirical ndings provide strong support for the prediction of these \growth option"
theories, particularly the time-to-build channel. Empirical evidence in favor of this channel

hinges on our decoupling of uncertainty into its upstream and downstream parts.

Il.  Motivating Theoretical Framework

Ex-ante, several theoretical arguments suggest that upstream uncertainty should have a
stronger impact on economic activity than downstream uncertainty at both the micro and
the macro levels. We discuss several such arguments based on extant studies before proposing
an economically distinct channel through which the e ect of the two types of uncertainty is
asymmetric in not only its magnitude but also its sign.

At the micro level, several studies consider the impact of rst-moment shocks in pro-
duction networks (e.g., Boehm, Flaaen, and Pandalai-Nayar (2019), Barrot and Sauvagnat
(2016), and Carvalho et al. (2021)). In particular, Acemoglu, Akcigit, and Kerr (2016) em-
ploy minimal assumptions to show how shocks to the level of productivity, governing the
supply side of the economy, exert a stronger impact downstream than upstream. These sup-
ply shocks to the level of productivity could change the input prices faced by customers and
lead to sizable downstream e ects. In our context, upstream and downstream uncertainty
are both second-moment supply shocks. Thus, while Acemoglu, Akcigit, and Kerr (2016) do

9



not explicitly consider uncertainty shocks either theoretically or empirically, the comparative
statics from their model imply that rms should be impacted more strongly by upstream
uncertainty than downstream uncertainty.

At the macro level, Hulten (1978) shows that the impact of industry-speci ¢ productivity
shocks on aggregate productivity re ects the industry's sales share of GDP, that is, its Domar
weight. As most links in the production network point downstream, the output of upstream
industries is directly and indirectly used by more rms (i.e., all downstream rms), leading
to a larger Domar weight for upstream rms. First-moment shocks to upstream rms may
therefore contribute to a larger fraction of TFP. Consequently, and all else equal, upstream
uncertainty should drive a larger share of total uncertainty and induce a more sizable impact
on the macroeconomy than downstream uncertainty.

The former explanations help reconcile some of the empirical results that follow, in partic-
ular, why downstream uncertainty typically has a quantitatively smaller e ect on investment
than upstream uncertainty. However, these theories cannot explain why downstream uncer-
tainty has the qualitatively opposite e ect on investment than upstream uncertainty. That
is, downstream uncertainty often spurs, rather than suppresses, investment.

We therefore highlight a separate channel that motivates our empirical analysis: there
is an economically important di erence in the horizon at which downstream uncertainty
and upstream uncertainty impact a rm's cash ows. To see why, consider Figure 1 that

represents the typical \textbook" investment project.

-$pin +$p Out +$p Out
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t=0 t=h t=h+1

Figure 1. Investment project cash ow diagram. This gure illustrates a stylized cash ow diagram

for a representative investment project. At time 0, the rm purchases an input good from its supplier at a
price of P'". The rm then uses the next h 1 periods to convert this input good into its own output good.
Here, h represents the rm's \time-to-build." Finally, the rm sells its output good to customers at a price
of pout,

The rm spends P to purchase inputs from its supplier at time 0, converts these inputs

into its own output product over the following h 1 periods, and sells this output to its
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customers for a cash ow of P“ from time h onwards. The second step of this process is
often lengthy due to \time-to-build." Thus, uncertainty from suppliers impacts the cost of
the input good (P'") and a ects rms in the short run, whereas uncertainty from customers
associated with the price of the output good (P") a ects rms in the longer run.

While the former example is highly stylized, in what follows we construct a production-
based model that formally illustrates how this conceptual horizon-based asymmetry between

upstream and downstream uncertainty leads to di erent implications for investment.

A. Setup

A.1. Focal Firm

The focal rm has assets-in-place in the form of an installed capacity of inputs khat

depreciate at rate . This installed capacity yields an operating cash ow of; per period:
=Pk koo P kg (1)

The rst term in equation (1) captures the revenue from sales. Speci cally, each unit of
installed input is converted into an output via decreasing returns to scale technology, where
2 (0;1). Each unit of the rm's output is then sold to a customer for a stochastic
output price of P, The second term in the equation captures operating costs, which are
proportional to the stock of inputs via a nonnegative scalar !. The last term captures the
cost of maintaining the existing stock of inputs. Maintenance requires the rm to purchase
the depreciated amount of inputs from its supplier, each unit of which is sold to the focal

rm for a stochastic input price of P,".

At any time t, the focal rm has a growth option to expand its capacity to a level K> k.,
where Kis endogenously chosen by the rm. Exercising the growth option at time t entails
paying a xed cost of f k; upfront, thereby making expansion a real option. After exercising
the option, the rm must wait for H periods of time-to-build to elapse before the additional

capacity becomes productive and starts generating extra output. The standard assumption
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in most neoclassical models is that H is equal to one period, and our setup nests that case.
During the build-up stage, the focal rm (gradually) acquires the (K k ;) excess units of
inputs from the supplier. Speci cally, at each time 2 [t;t+H 1], the rm purchases a
fraction w +; Of the total excess capacity from the supplier at the input price prevailing at
time , with P 1'11 w; = 1. While building this excess capacity, the focal rm still generates
a periodic cash ow of from its existing assets-in-place. The growth option can also be
abandoned in the future, as the rm can choose to shed capacity via disinvestment and
receive the revenue from selling part of its operational capacity at the prevailing input price.
Both the input price, paid to suppliers, and the output price, paid by customers, are time-
varying. To ensure that no asymmetric e ects arise exogenously, we deliberately assume that
the laws of motion for these prices are symmetric. The logarithms of both!lP and P2}"
evolve as mean-reverting processes with time-varying conditional volatilities of and 2",

respectively. Speci cally, for j 2 fin, Outg, the law of motion is given by

pjt+1 = pp{ + pe{"jt+1; (2)

{+1 - % tow {+1; (3)

where p = log(P}) and the innovations %,; and !,; are standard normal and independent
and idendically distributed (i.i.d). The parameter , ( ) governs the persistence of the
price (stochastic volatility) process, while , ( ) governs the unconditional volatility of the
process innovations.

Let = p; (";pPU; OU denote the vector of exogenous state variables. The focal

rm's problem can be recursively written as

VG )=max (k)+ (kk 9+

max P"(kk k %+ E[V(k % 9 (if k° k, Contraction)

12



f kP "wy(k®Kk)+ E[V Bd(k:k® %H 1)] ; (if k> k, Expansion)
(4)

where

8

2y e ); o

i V(K5 ); £ =0
VBUIId (k, kO; : ) — N ( )

: (k, ) P InWH +1 (kO k) + E[V Build (k, ko; 0; 1)], it >0

(5)

Bellman equation (4) suggests that the rm selects its future stock of inputs%o max-
imize rm value, V (k; ), which is the cum-dividend value of a rm with an unexercised
growth option. This value includes three parts: (i) the operating cash ows (k; ) from
equation (1), (i) a twice-di erentiable adjustment cost for expanding or contracting capac-
ity, (k;k 9, suchthat (k k) =0ifk°=k and °¢) > 0, and (iii)) a continuation value
that depends nonsmoothly on whether the rm chooses to exercise its option to expand. If
the rm opts to contract or keep its capacity unchanged (i.e., if R k), then it receives
both the proceeds from selling inputs, PP (k k 9, and the expected discounted continuation
value.

If the rm chooses to exercise the growth option and expand its operational capacity (i.e.,
if k9> k), then the rm pays the xed cost of expansion and enters the time-to-build phase
by purchasing a fraction w of the excess capacity (k k). The rm's continuation value
then depends on U9 | a separate valuation function that re ects the rm's value during
this build-up stage (see equation (5)). This function is determined by (i) installed capacity
(k) and the exogenous states (), which determine the level of pro ts from existing assets-in-
place, (i) future capacity (k%, which determines the level of operational capacity when the
building is complete, and (iii) the elapsed time-to-build ( ), which determines the fraction

of additional inputs to be acquired in the current period. When the remaining time-to-build
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is zero, VBUd equals V and all previously purchased excess capacity becomes operational.

A.2. Supplier and Customer Firms

The supplier rm (s) produces the same good that the focal rm uses as its input.
Likewise, the input good of the customer rm (c) is the same good that the focal rm
produces and sells as its output. The customer- and supplier- rm problems are symmetric

and re ect the standard neoclassical rm programs. Speci cally, for j 2 fs; cg,

ViR ) =max PRt Kk P FK)FEV WS 9L (6)
ki%) {z
di

subjectto K =(1 )k [ +11; 7)

where K (11) is the stock of inputs (investment) of rmj. Each rm's dividend (d /) depends
on revenues net of operating costs, investment expenditures, and capital adjustment costs.

Notably, the prices faced by the focal rm depend on its trade partner's prices: the input
price of the focal rm is equal to the output price of the supplier, s, and the output price of
the focal rm is equal to the input price of the customer, c. This implies that

P"=PS and P2 =pPFM: (8)

Upstream and Downstream Uncertainty. Based on the former de nitions, the realized
stock returns of the supplier, R, and the customer, R, are given by each rm's cum-dividend
value divided by the rm's lagged ex-dividend value:

A V©
L and R°= t

RS_ .
t s s c c
\/tl d tl tl d tl

9Equations (4) and (5) jointly embed a law of motion for capital that depends on the rm's chosen action.
The investment quantity is inferred by collecting all terms that are pre-multiplied by P '": Assume that the
current installed capacity is k;. If the rm chooses to exercise the growth option and increase its capacity
to a higher level K, then kuy =k while k =k;and! =k +w w1 (kupy k) for 2[tt+H 1].
Note that if H = 1, then this reduces to k1 = (1 )k  +1. If the rm chooses to keep its capacity
unchanged or shrink to a lower capacity K, then ku1 =k%and Iy = k1 +(Kwr K ¢)=kwt (1 )k .
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Consequently, we de ne upstream and downstream uncertainty at each time t as the
realized stock return volatility of the supplier and the customer, respectively, over a rolling
window that covers the previous W periods?

Jpsteam = Std(R$,, ;unRY)  and  Pownsteam = giq(RE,, ;i RY): 9)

In the model, common shocks to the supplier (customer) and the focal rm pass through
the input (output) price. Thus, while input and output price uncertainty, ™ and O
from equation (3), are not directly observed, we propose and test their observable proxies,

Upstream
t

and pownsteam “regpectively, through the lens of the modef:

B. Model Solution and Quanti cation

We solve the model numerically using a value function iteration method. Gaussian auto-
regressive processes are discretized using a variant of the Tauchen (1986) method that allows
for time-varying conditional volatility, similar to Alfaro, Bloom, and Lin (2024). To ensure
the accuracy of the implied policy functions, we use a re ned and endogenous grid for capital
that is centered around the model's stochastic steady state. The grids for prices are made
dense around the endogenous free boundaries where the growth option is exercised. Details
on the model's solution and simulations are relegated to Section VI of the Internet Appendix.

The model is calibrated at the quarterly frequency. Table I lists the model parameters.

10Based on equations (6) and (8), only one type of price uncertainty is considered when constructing the
return volatility of supplier and customer rms. The supplier (customer) rm's return volatility, Upstream
( Downstream ) “depends only on the input (output) price uncertainty of the focal rm, ' ( ©ut),

1A largely equivalent modeling assumption would be to explicitly assume that the customer and the
supplier rms have economic fundamentals (e.g., technology or markup shocks), denoted by.z and z,
respectively, that uctuate over time, where an increase in z; would increase F°"* (more demand for the
rm's output) whereas an increase in z; would decrease B" (more supply of the rm's input).

While rst-moment shocks to z; and zs;; can each a ect relative prices with opposite signs, second-moment
shocks to these fundamentals always increase the variability of relative prices regardless of the underlying
nature of the uctuations in z ¢ or zs:. Consequently, fundamental upstream uncertainty, or (zs:), is
positively related to input price uncertainty, whereas fundamental downstream uncertainty, or (z ¢y), is
positively related to output price uncertainty. Moreover, in equilibrium, these fundamental uncertainties
would also be related to [ PS"®™ and Pownsteam  Qur current modeling approach is e ectively isomorphic
but does not take a strong stance on what the fundamental shocks.z or zg; are.
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Table |

Calibration
The table shows the focal rm's model parameters. The model is calibrated to the quarterly frequency.

Symbol Value Description

0.400 Return-to-scale

0.997 Discount factor

0.025 Depreciation rate

0.020 Fixed cost of investment

-+

b 0.010 Quadratic adjustment cost
P 0.950 Persistence of input and output prices
D 0.200 \Volatility of input and output prices
v 0.950 Autocorrelation of price volatility
w 0.100 \Volatility of price volatility shocks

We set , the physical input (capital) share of output to 0.4, consistent with empirical
evidence. The quarterly depreciation rate is 2.5%, suggesting an annual depreciation of
10%, in line with capital's annual depreciation rate from the BEA. The time discount rate

is set such that the annualized real risk-free rate is approximately 1%, close to its empirical
counterpart. We consider two values for H. In the baseline, we set H to one period,
consistent with the standard one-period time-to-build in neoclassical models. We also obtain
model-implied results when the parameter H is set to eight quarters, consistent with average
estimates reported by Bar-llan and Strange (1996).

The benchmark adjustment cost function re ects the standard quadratic speci cation
(k;k 9= g(k?o 1) 2k. We assume that all investment costs for capital expansions are made
upfront, suggesting that w = 1. However, we relax this assumption in Section |I.C.3. The
six remaining parameters f; ,; ; w;b;fg govern the driving forces of prices and capital
frictions.'?> We select these six parameters to target eight annual moments related to rm-
level sales, prots, and investment. These annual moments are computed by simulating a

population path of the model and then aggregating quarterly observations to the annual

2In the benchmark analysis, we shut down the operating leverage (! = 0) in order to conserve on the
number of free parameters. We examine the case of ! > 0 in Section VII of the Internet Appendix.
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frequency. The model-implied moments and their empirical counterpart are listed in Table
Il.

Table 11

Model-Implied Moments Versus Data

The table reports model-implied moments against their empirical counterparts under the baseline calibra-
tion. The moments pertain to rm-level investment rates (1=K), sales growth (Y), and return-on-assets
(Pro t=K). In this table, represents the standard deviation of a given variable, whereas ; denotes the
i -order autocorrelation. The model-implied moments are based on a simulation of a population path from
the model that allows the focal rm's capital, price, and associated uncertainty to stochastically vary over
time. Quarterly observations are aggregated to form annual observations. Brackets correspond to the 95%
con dence interval for each moment.

Statistic Model Data

(I=K) 0:165 0:165 [0.049, 0.370]

Skew(I=K) 0:626 0:701 [-0.551, 2.186]
1(1=K) 0:430 0:341 [-0.213, 0.764]
2(1=K) 0:196 0:065 [-0.426, 0.603]
(Y) 0:362 0:210 [0.073, 0.602]
1(Y) 0:162 0:176 [-0.341, 0.710]

2(Y) 0:080 0:012 [-0.494, 0.563]
(Prot=K) 0:160 0:144 [0.045, 0.389]

The persistence parameters, and jointly target the autocorrelations of rm-level
investment and sales growth rates. The model-implied rst-order autocorrelations of these
two variables are 0.43 and 0.16, respectively, close to their values of 0.34 and 0.18 in the
data. While not directly targeted, the model also generates a mildly negative second-order
autocorrelation of sales growth, in line with the data. The volatility parameters , and ,
jointly target the volatility of sales growth and pro t margins, measured by return on assets
(ROA). These moments take on model-implied values of 0.362 and 0.160, respectively. In
model simulations, we set the smooth adjustment cost parameter b to target the volatility
of investment rates to the data. Under the baseline, we obtain an almost perfect t, with an
annual volatility of 0.165. The xed cost of expansion f governs the lumpiness of investment,
and hence its skewness, which amounts to 0.626 (0.701) in the model (data). Importantly, all

model-implied moments fall within the empirical con dence intervals provided in brackets.
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C. Model Results

C.1. Policies

Figure 2 shows the focal rm's steady-state investment policy around the growth option's
free boundaries as a function of the log input price (in the left column) and log output price
(in the right column). Panel A reports these policies when the time-to-build process is short
and lasts one period, which corresponds to the standard neoclassical assumption, while Panel
B reports the policies for a longer time-to-build process that lasts eight periods. In all plots,
capital is held at the stochastic steady-state level, as are the remaining exogenous state
variables that do not vary along the horizontal axis. Each plot displays the relevant policy
for three values of input and output price uncertainty. We focus on the \medium" value
of each uncertainty, which corresponds to the midpoints of the'™ and ©“ grids, as well
as the \high" and \low" values of each uncertainty, which correspond to the cases in which
each type of uncertainty is one point above or below the midpoint, respectively.

Because investment is a real option, each policy is characterized by a at inaction region
in which the investment rate is equal to the depreciation rate (i.e., k= k).** This is
followed by a region in which the rm expands capacity (i.e., sets%> k), provided that
the output price is su ciently high (right column) or the input price is su ciently low (left
column). When the time-to-build period is short (Panel A), the inaction region increases
with both higher input and output price uncertainty. In broad terms, this is consistent with
the traditional \wait and see" e ect of uncertainty.

However, when the time-to-build period is long (Panel B), then the inaction region shrinks
as output price uncertainty increases from low to medium, and further decreases as output
price uncertainty rises from medium to high (i.e., the bottom right gure). This pattern
stands in sharp contrast to the impact of output price uncertainty on inaction when juxta-

posed with Panel A. We explore the implications of this nding, along with its mechanism,

13put di erently, inaction in Figure 2 is equivalent to the investment rate being equal to , or 2.5%,
whereas in an action region investment rate is higher. To provide a complementary illustration of how the
inaction region changes with uncertainty as a step function, refer to Section VII.F in the Internet Appendix.
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Input price uncertainty and 1=K Output price uncertainty and 1=K

Panel A. Short time-to-build

Panel B. Long time-to-build

Figure 2. Investment policies. This gure shows the focal rm's investment policy around the free
boundary of expansion at the model's steady state. These policies are displayed as a function of the rm's
log input price (left column) and log output price (right column). In all gures, capital is held at its stochastic
steady-state value. Moreover, the plots in the left (right) column hold Pt and ©' (P'™ and ') xed at
their unconditional means. Each plot displays the policy for three levels of uncertainty. The orange line in
the left (right) column plots the investment policy when '™ ( ©U) is xed at its unconditional mean (i.e.,
\Medium") value, which corresponds to the midpoint of its grid. The blue and green lines then show each
policy when the relevant uncertainty is one grid point below or above the midpoint, which corresponds to
states of \Low" and \High" uncertainty, respectively. Finally, in the top row (i.e., in Panel A), the time-to-
build period is set to H = 1 period, while the bottom row (i.e., Panel B), sets the time-to-build period to
H = 8 quarters.
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in the next subsections.

C.2. Upstream and Downstream Uncertainty and Investment

The policies in Figure 2 show that at the model's steady state, and for j 2 fin; Outg,
there exists an investment threshold [ ') such that if jp/j > jp ( 1)j, then in optimum
k9> k. Put dierently, depending on the type of uncertainty, there is a su ciently large
log input or output price (in absolute magnitude) that the rm is in inclined to exercise its
growth option.

In practice, rm-specic input and output prices may not be observed or available at
a su ciently high frequency to recover the underlying input and output price uncertain-
ties (i.e., " and P“ in equation (3)). In contrast, the realized stock returns of a rm's
customers and suppliers are more readily available. Consequently, we derive testable impli-
cations from the model by examining how the investment thresholds vary with upstream and
downstream uncertainty, the observable measures de ned in equation (9), which correlate
with the fundamental input and output price uncertainty in equilibrium.

Admittedly, as upstream and downstream uncertainty are backward-looking proxies and
based on return data, there is no one-to-one correspondence between these return-based mea-
sures and the underlying price-based uncertainties that can be expressed in closed form. We
therefore proceed with the following simulations around the model's stochastic steady state.
When analyzing the e ects of upstream uncertainty on investment, we simulate nite-sample
paths of the model, allowing the focal rm's log input price (§') and price volatility ( '),
and the supplier's capital (K) and valuations (V®), to vary over time. We save these nite-
sample paths in the matrix P = [p,; ""**"]," which contains the investment thresholds
associated with each realized value of upstream uncertainty. For each unique investment
threshold p in the matrix P, we compile a set RV(p) = f Upstreamjp ; Upstream) 5 pg
that contains all observed values of upstream uncertainty that are associated with a given

investment threshold.

14For brevity, we omit uncertainty from the threshold price and write p , rather than p ( |").
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