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Abstract: Given the renewed interest in Real Estate Investment Trusts (REITs), we are keenly focused
on exploring the possible connection between climate change and return volatility of US equity REITs,
as well as the role of technology innovation for environmental sustainability in the nexus. While
climate change might pose some threat to the REIT business, it is necessary to know the direction
in which technological innovation can mitigate this impact. As a way to validate our evidence, we
offer some additional analyses with alternative measures of technology shocks and the replacement
of technology shocks with global economic expansion, as improvement in global economic activity
could offer more investment options for investors to diversify their investment portfolio away from
climate-prone assets. For completeness, the analyses are replicated for US mortgage REITs. Overall,
we show that climate change heightens the return volatility of US equity REITs and that the former
contains some predictive content for the latter. When the role of technology is examined, our results
show that technology shock indeed reverses the cheering impact of temperature anomaly on the
return volatility of US equity REITs. We show that these results are robust to alternative measures of
economic shock and that the results equally hold for mortgage REITs. We further document some
important implications of our findings for investors and policymakers alike.

Keywords: climate change; equity REITs; mortgage REITs; technology shocks; US

JEL Classification: C32; E32; G14; O3; O4; R30

1. Introduction

Despite the huge amount being invested in real estate investment trusts (thereafter,
REITs), which is estimated at USD 35 trillion, and half of the global equity market capital-
ization around the world [1] the risk emanating from climate change is becoming a major
factor to reckon with especially to ensure environmental sustainability for REIT business to
thrive. Specifically, climate risks, such as physical risks or transition risks, pose a significant
challenge to investors in REITs. While the physical risk constitutes natural disasters arising
against sustaining REIT business, which are acute factors (such as flood, drought, and
wildfire) and chronic factors (like sea-level rise, temperature rise, and unstable precipitation
pattern), transition risks are more congruent to issues relating to a path of maintaining
low-carbon economy with attendant impact on dependent sectors as a sustainability mea-
sure (see [2] and various papers cited therein). However, given the varying challenges
posed by climate change against environmental sustainability for investors in REITs, it is
now suggested that investors with innovative ideas in utilizing emerging technologies are
more likely to withstand these challenges, particularly by sustaining the environment to
maximize returns from investing in REITs [1]. By implication, the consideration of utilizing
technologies to mitigate the impact of climate change for REITs is becoming crucial for
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investors in REITs. What remains controversial is the direction or extent to which techno-
logical innovation will influence this nexus. As a result, we are interested in investigating
the potential relationship between risks associated with climate change and REITs with an
extended analysis of the role of technological adoption in the nexus.

There are numerous numbers of empirical studies on the climate change–REITs nexus.
In some instances, climate risk is found to have many implications on real estate prices
via the discount channel [3]. The literature has equally provided enough evidence to
suggest that temperature patterns can impact the economy via different channels. In
particular, temperature changes have a great influence on per capita income (see [4]),
labor productivity and sales volume [5–7], manufacturing export [8], and performance of
commercial real estate investment [9]. Other related studies provide links between climate
change and stock returns. News on climate change can significantly influence the stock
prices of an energy-related firm that is tied to climate change [10,11]. While this evidence
has been offered in the literature, studies on how technological adoption will influence the
relationship between climate risk and REITs are still missing.

Another research focus has equally explained the behavior of commercial real estate
prices, especially in times of crisis, such as in the era of COVID-19 [12–16]. Also, in prior
studies, real estate investments are found to have a weak correlation with financial assets,
in addition to the inflation-hedging nature of investment in real estate (see [17]). We
equally find studies that have addressed the issue of technology shock concerning real
estate investment trusts (for example, see [18]). Particularly, [18] model technology shock as
having a permanent impact on housing prices in the US and UK while they further theorize
that a positive technology shock will have a long-run positive and significant impact on
housing prices. By this implication and given that housing commodities can either stand as
consumption or investment goods, it then becomes suggestive that positive technological
innovation might not only increase disposable income but also increase consumption of
the housing commodity and encourage investment in this nexus.

One issue of concern becomes discernible from the foregoing. While there are studies
on the possible impact of climate change on REITs, and some of those have modeled the
efficacy of technological innovation in improving the performance of REITs, the literature is
very scarce on how technology-induced climate risk can help to mitigate the risk of climate
change on REITs. Hence, our attempt to evaluate this nexus is very necessary and worthy
of considerable attention. On the choice of data, our study has a very different dimension
from prior studies. Specifically, we utilize recently constructed technology innovation data
by [19], which is derived from the patent rights of the residents. Although other studies
(these studies include [20,21]) have equally constructed technology shock series that are
related to patent rights, they were not as elaborate and encompassing as in the case of [22]
(while [20] consider a patent right that correlates with stock prices and returns, [19] take
care of all residence patent rights, which are particularly constructed for the US, OECD,
countries, and a further group of 164 countries. This makes the data the potential of global
outlook and fit for our analysis). One of its main advantages is having a long scope of more
than a century, which, in particular, by nature, accommodates long-run analysis. Also, the
derivation of the series takes caution by making provision for waiting periods between
the time of granting the patent right and the time its impact becomes manifested in the
economy. This, in particular, helps to cater to the look-ahead problem that often trails
data of this nature. As for REITs, we use both data on equity and mortgage for robustness
analysis. In essence, we compute their returns by taking their log difference between
the prior year and the current year, which is then modeled in our methodology. Global
temperature anomaly from the National Aeronautics and Space Administration (NASA) is
employed to capture climate risks. These data measure the variability in weather change at
a global level. For robustness evaluation, we make further analysis by considering the index
of global real economic activities (GECON) by [23] instead of technological innovation. The
result thereof is expected to be consistent with earlier findings.
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The fact that our analysis is viewed from a long-term perspective by employing
data from 1968 gives us the chance to show an empirical relationship over a long-term
period and also allow us to trace a series of transformation that any concerned economy
might have possibly undergone. Further, using historical data provides information on
the extent of the time-driven nature of the data (see [22,24]). Our choice of methodology
is another important contribution to this study. Specifically, we motivate our analysis by
using the GARCH-MIDAS model, which allows for mixed data frequencies in predictability
analyses. This is highly necessary as the frequency for REITs is available quarterly, while
that of technology shock and temperature anomaly are annual. Hence, to accommodate
these variables in their natural sense and to avoid information loss due to data slicing or
aggregation, the MIDAS approach becomes very crucial. As a matter of emphasis, our
evaluation will be global, where consideration is given to both developed and emerging
markets that are also inclusive of the US economy.

Arising from the foregoing, we desire to answer the following research questions:
To what extent will the risk associated with climate change impact REIT business for the
US economy? How will technological innovation moderate this nexus? How, also, rather
than through innovation, will global economic expansion moderate the REITs–climate
change relationship? While answering these questions, we keenly refer to the rationale
of the study, which is essentially to investigate the potential relationship between the risk
associated with climate change and REIT business, and determine the possible influence of
technological innovation in the nexus. By extension, instead of innovation, global economic
expansion is tested in lieu as a way of robustness analysis. Rather than equity returns, our
evaluation is further verified by using mortgage REIT returns.

However, our findings suggest that climate change not only exacerbates the risk
associated with US equity REITs (i.e., return volatility of US equity REITs), but it also
offers some predictive information for the future outcomes of the equity REITs’ volatility.
However, technology innovation (shock), when introduced into the model, stems from this
cheering impact of climate change on the return volatility of US equity REITs. Likewise,
replacing the influence of technology shock with global economic expansion (GECON)
in the climate change–equity REITs nexus provides similar results. In other words, our
conclusion on the role of TS in the climate change–equity REITs nexus is robust to an
alternative measure of economic shock. It is imperative also to note that when these
empirical analyses are replicated for mortgage REITs of the US, our previous conclusions
for equity REITs remain.

Following this introduction, the rest of the paper is structured thus. In Section 2, we
offer a brief review of related literature. While Section 3 highlights the framework upon
which our analyses are conducted, Section 4 describes the data and provides summary
statistics therefrom. In Section 5, the main analyses are conducted, and the results are
carefully discussed, with some policy implications offered. Finally, Section 6 concludes
the paper.

2. Brief Literature Review: Climate Change, Technology, and REITs

The literature on climate risk concerning REITs is very clear on the direction of impact
concerning REITs’ performance. It is documented that climate risk that results from tem-
perature changes has an indirect relationship with REITs’ returns and performance (see [9]).
Importantly, two main risks are associated with climate change with wider implications for
REITs on financial performance and investment sustainability. These are physical risks and
transition risks. Climate changes that generate physical risks (such as flooding, earthquakes,
and wildfires) often increase the vulnerability of REITs to the destruction of property and
disruption/seizure of operation, whereby property value falls with higher operational
costs. On the other hand, transition risk is associated with the various costs in maintaining
minimum energy costs with REITs’ operation [25]. More importantly, recent studies in the
area of climate risks and REITs have documented varying outcomes. Some analyses that
have been performed on firm-level climate risk concerning commercial REITs suggest that
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negative consequences arise from such risks to REITs’ activities (see [19,26]). Other findings
relate REITs to their possible returns when the climatic condition is rather intense. Such
studies give ideas that housing prices are prone to fall in the area with the likelihood of
rising sea levels [27]. In that regard, [28] warn not to use the sea level effect for factors such
as land motion, which may be significantly responsible for low housing prices.

However, concerning real business cycle literature, (neutral) technology shock is found
to have a non-negligible impact in explaining output growth and fluctuation. A positive
innovation to technology shock is expected to result in a higher output level, consumption,
and investment (which is inclusive of those in REITs) (see [29–31]). Specifically, with posi-
tive technology shock, capital prices are likely to fall while asset return rises, and investors
are motivated to work harder, which thus results in higher investment. However, technolog-
ical innovation has further been linked to economic growth by improving environmental
quality (see [32]). By implication, the quality of the environment degraded by climate
change can be improved through technological innovation. Studies have also linked output
fluctuation to technology shock, though it is believed to have a relatively lower impact
rate (see [33–35]. The discussion of technology shock has also taken the dimension of
international technology diffusion, where it is believed that most of the innovation in local
economies has resulted from innovations that spring from a small handful of rich countries
(see [36]). Technological innovation for information and communication has equally been
linked to retail property (see, for example, [37]). In such studies, it was argued that the sale
of retail property is often encouraged through information and communication.

On resource allocation, studies have suggested that technological innovation could
have substantial implications for resource reallocation and economic growth (see [20,38]).
In particular, innovation with a higher spread in any particular sector is likely to result
in what Schumpeter terms ‘creative destruction’. By implication, one part of the sector
may see some improvement as a result of innovation while the other part becomes a victim
of the new innovative knowledge with relatively no impact on productive capacity in
the aggregate term. However, when technological innovation spreads across firms and
sectors, the growth impact is expected to generate higher output growth at both sector and
aggregate levels through investment and consumption channels. In this connection, we
aim to propose the extent to which technology-induced climate risk can help to mitigate
the impact of climate change on REITs. As the literature on this subject is very scarce
(see [39]), we intend to make our contribution by providing evidence on how technological
innovations can mitigate the negative impact of climate change on REITs. Expectedly,
where there are technological innovations, REITs are likely to respond in a positive way.
However, it becomes an issue as to whether the positive impact of such innovations will
tamper the connection between climate risk and REITs. Importantly, where the connection
is negative, do we expect technological innovations to moderate this outcome or enhance
it if the connection is positive? This is an important question that we seek to answer in
this study.

3. Methodology

The theoretical relationship between climate change and real estate investment trusts
(REITs) and the impact of technology shocks on this relationship hinges on the Arbitrage
Pricing Theory (APT). This theory assumes that an asset’s anticipated return (and, therefore,
its level of volatility) can be forecasted based on various macroeconomic factors that capture
systematic risk. Climate risk and technology shock are a type of systematic risk, as they
affect more than just the environment or industry from which it originates. Therefore, the
APT is well suited to explain the connection between climate change and REITs in theory.
The differing nature of the scope of our data influences the choice of technique of estimation
for this study. Essentially, we use three different data sources. We estimate our model
using data for REITs (both equity and mortgage), temperature anomalies, and technological
innovation. While the frequency for data for REITs occurs quarterly, data for technological
innovation and temperature anomaly originally appear in yearly frequency. However, as a
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way to capture the information inherent in these data and to avoid the information loss
that is associated with data slicing and/or aggregation, we employ the GARCH-MIDAS
technique as proposed by [40] (which, as a method, equally finds root from [41]). More
importantly, the GARCH methodology is very useful when the variance of the error term is
serially autocorrelated. Our data exhibit this feature, and a way to deal with it is by using
this approach. Additionally, our study emphasizes the predictability of return volatility,
which the GARCH model essentially accommodates in time series analyses. Consequently,
we set out to test three important hypotheses.

Hypothesis 1 (H1). Risk associated with climate change has no impact on REITs’ return volatility.

Hypothesis 2 (H2). Technological innovation does not influence the nexus between Climate change
and REITs for the US economy.

Hypothesis 3 (H3). Global economic expansion cannot moderate the relationship between Climate
change and REIT Business for the US economy.

Our models are accordingly formulated in line with these hypotheses. In the first
step, we define our REITs’ return series as ri,t = ln(Pi,t)− ln(Pi−1,t), where Pi,t is the price
on the ith quarter of the tth year, for t = 1, 2, . . . , T and i = 1, . . . , Nt respectively, denote
the yearly and quarterly frequencies, while Nt indicating the number of quarters in a
given year t. The GARCH-MIDAS model usually consists of an equation of conditional
variance with two important components: the short-run and long-run components, which
are represented in Equations (1) and (2) (In variance to the typical GARCH model, which
often has two equations, the mean, and the variance, both of which can accommodate
predictor series, which suggests that the investor's intention can be evaluated effectively
for long-run analysis):

ri,t = µ +
√

τt × hi,t × εi,t, ∀i = 1, . . . , Nt (1)

εi,t|Φi−1,t ∼ N(0, 1) (2)

where µ represents the unconditional mean of the return series, hi,t, the short-run com-
ponent of the conditional variance, and it is of a high (quarterly) frequency that typically
follows: the GARCH(1,1) process, and τt, the long-run component with a low (yearly)
frequency. The disturbance term in Equation (2), εi,t, follows a Gaussian distribution and
Φi−1,t denotes information set on the day i− 1 of the year t.

The component of short-run conditional variance (hi,t) is captured in Equation (3) as
follows:

hi,t = (1− α− β) + α
(ri−1,t − µ)2

τi
+ βhi−1,t (3)

where α and β respectively indicate the ARCH and GARCH terms; conditioned to be
positive and/or at least zero (α > 0 and β ≥ 0) and their sum must be less than unity
(α + β < 1). The low (yearly) frequency long-run component (τt) is transformed into
quarterly frequency (τi), without loss of generality (see [40] for technical and more details).
What this implies is that the quarter in the year t is rolled back without keeping track of it,
and, in turn, yields the quarterly long-run component defined in (4) as follows:

τ
(rw)
i = m(rw) + θ(rw)

K

∑
k=1

φk(w1, w2)X(rw)
i−k (4)

where the “(rw)” assigned as superscript suggests that a rolling window framework (which
allows the secular long-run component to vary quarterly) is implemented; m is the long-run
component intercept; θ is the MIDAS slope coefficient that indicates the predictive value
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of the incorporated exogenous predictor Xi−k where φk(w1, w2) ≥ 0, k = 1, . . . , K is the
weighting scheme that must sum to unity for the identification of the model parameters.

Going by the above, we can evaluate the predictability of the exogenous factors, which
are (a) temperature anomaly, (b) technology-induced temperature, and (c) global economic
condition (which we used for robustness analysis) in the return volatility of REITs where we
test for the significance of the MIDAS slope coefficient (This is a measure of the predictive
ability of the predictor variables.) (θ) as either being different from zero or not. When
this slope is significant, it suggests that the predictors do influence the REITs’ return, the
associated signs, however, determine the direction of the relationship.

4. Data and Basic Summary Statistics

Going by the focus of this study, we proxy real estate investment trusts (REITs) through
both the equity and mortgage prices of REITs obtained from FRED data (These data can
be retrieved from https://fred.stlouisfed.org). The frequency of the data is quarterly and
spans the period of 1968 to 2018. While these data extend beyond this period, we are limited
to the year 2018 due to the scope of the technological shock variable, which does not go
beyond this year. As for climate change, we capture it through temperature changes that are
announced regularly by the National Aeronautics and Space Administration (NASA) and
Goddard Institute for Space Studies (GISS), and it occurs as yearly data with a wider scope.
The provision of these data is intended to provide a time series analysis for the measurement
of weather variability across the globe. Just like data for REITs, the end data are justified
by the availability of data for technological shock. Lastly, we used the technology shock
series by [22], whose construction follows some specific steps that principally involve the
de-trending of growth in patents for the concerned country. It is particularly estimated
by taking the natural logarithms of the number of patents, where its growth rate is then
de-trended using 5-year rolling windows. This window period accounts for the lag period
that is necessary between the registration of technological discovery and the period of
approval. However, the series is of three types. While the first is global (computed for a
group of 164 countries, GTS_164), the second is mainly for selected 12 OECD countries
(GTS_OECD). The last series captures technology shock for the US (TS_US) (for further
discussion on the computation of this series, we refer the readers to [22,42]. The series is
available for over 100 years, but the start date of 1968 is defined by the data available for
other independent variables.

For a robustness check, we further our analysis by considering using data on Global
real economic activity by [23]. We denote this as the GECON index, and it occurs as
annual data (The data source for The Kilian Index of global real economic activity (REA):
https://www.dallasfed.org/research/igrea, accessed on 28 August 2023). We particularly
employ GECON in lieu of the technology shock series to check the extent of agreement
between the outcome obtained from when GTS is used and GECON. As a way to have a
foreview of the connection between the REITs and GTS, we make a time series plot, and
the graph is shown in Figures 1 and 2 for equity and mortgage REITs, respectively (this is
equally provided for REITs with temperature anomaly and GECON in the same figures). In
these plots, the co-movements between the series of the dependent variable and that of the
independent variable indicate some level of indirect relationship between the two variables.

As provided in Table 1, we make a presentation on the summary of our data as
employed by this study. Specifically, we defined our data in this regard by providing
information on their mean value, standard deviation, coefficient of variation, kurtosis, and
skewness. While the average values for both equity and mortgage REITs slightly differ by a
magnitude of only 0.4, the values for standard deviation exceed 4 for both returns, and this
gives an indication that the two series are highly volatile. The two series relatively have
hump high and tail to the right side. Perhaps due to being an annual series, the technology
shock series has a lower standard deviation that is higher than the coefficient of variation.
While they are all highly peaked, only GTS_OECD is positively skewed, but both GTS_164
and TS_US are found to have a long tail to the left. The temperature anomaly that captures

https://fred.stlouisfed.org
https://www.dallasfed.org/research/igrea
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climate change is an average of 0.375, which is positively skewed and relatively peaked.
The lower standard deviation of 0.287 with a coefficient of variation of 0.749 suggests that
it is less volatile.
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Figure 2. Co-movement Pattern between returns of Mortgage REITs and all Independent Variables used.

On the other hand, the average value for GECON is low (0.374), while the values for
standard deviation and coefficient of variation are respectively high (48.9 and 130.9). In
all, the data for REITs have 203 observations (since they are quarterly data), while others
have 51 observations for being yearly data. Lastly, we make a formal test for the presence
of the ARCH effect and autocorrelation for the dependent variables (see Table 2). The
information thereof suggests the suitability of our method of analysis, which is the GARCH
methodology of the MIDAS variant. However, given the frequency of all independent
variables, which is an annual series, we expunge the test of ARCH and autocorrelation as
they may not necessarily exhibit such features (We conduct this test for each of the series of
all independent variables, and the outcome indicates no ARCH effect and autocorrelation).



Sustainability 2023, 15, 14536 9 of 22

Table 1. Summary Statistics.

Mean Std. Dev. Skewness Kurtosis CV N Frequency Start Date End Date

REITs
Equity
REITS 1.8299 4.0669 2.7533 17.9622 2.2225 203 Quarterly Q1 1968 Q4 2018

Mortgage
REITS 2.2150 4.6809 1.6924 10.5746 2.1133 203 Quarterly Q1 1968 Q4 2018

Technology Shock
TS-164 0.0714 0.1282 −0.2503 4.0378 1.7970 51 Annual 1968 2018
TS-OECD 0.0690 0.1414 1.1786 6.1360 2.0492 51 Annual 1968 2018
TS-USA 0.0665 0.1474 −0.3216 3.3007 2.2156 51 Annual 1968 2018

Climate Change
Temperature
Anomaly 0.3828 0.2871 0.1517 2.1813 0.7498 51 Annual 1968 2018

Global Economic Conditions
GECON 0.3740 48.9859 0.8294 3.3994 130.970 51 Annual 1968 2018

Note: This table shows the summary statistics of daily returns of REITs, and the level of three global economic
conditions (GECON, GWI, GII). Std. Dev. is the standard deviation of the variables; CV is the coefficient of
variation, obtained as the percentage ratio of the standard deviation to the mean; N is the sample size in each case.

Table 2. Preliminary Results.

ARCH(5) ARCH(10) ARCH(20) Q(5) Q(10) Q(20) Q2(5) Q2(10) Q2(20)

REITs
Equity
REITS 2.2025 * 1.1229 1.4787 * 9.539 * 11.293 20.602 15.831 *** 26.816 *** 38.686 ***

Mortgage
REITS 10.0062 *** 5.5426 *** 3.1270 *** 15.634 *** 19.749 ** 25.710 31.029 *** 31.429 *** 35.918 **

Note: ***, **, and * indicate the significance of tests at 1%, 5%, and 10% levels, respectively. The preliminary results
for the REIT returns’ series for the country/region are presented in the first panel titled, ‘REITs’, while three global
economic conditions, namely, GECON, GWI, and GII are presented in the second panel titled, ‘GECON’. The
applied tests consist of the Autoregressive Conditional Heteroscedasticity (ARCH) effect test, which is a formal
test for volatility; and the Q-statistic and Q2-statistic testing for the presence of autocorrelation and higher order
autocorrelation, respectively; at lags 5, 10, and 20.

5. Results and Discussion

In this section, we present the results of the effect and/or the predictability of climate
change, proxied by temperature anomaly (high temperature) (Our interest in high temperature
as a proxy for climate change risk stems from the fact that Ozone layer depletion, a consequence
of climate change, increases the likelihood of frequent fire outbreaks (globally), shifting rain
and snow patterns, changes in plant ecosystems, and other climate-related changes, which are
likely to have a severe impact on investment in real estate (see also [43]), on/for the return
volatility of US equity. A priori, climate-related hazards can have an impact on REITs’ finances
in several ways, including higher insurance costs, greater maintenance and repair costs, and
decreased rental income. The cost of capital for REITs can also be impacted by climate-related
concerns, which can affect both debt and equity financing, as well as returns and the associated
volatility. In essence, in this study, the assessment of the impact of climate change risk on
the return volatility of equity REITs is carried out in several steps. One, we capture the
climate change with temperature anomalies, a deviation (positive or negative) of actual global
temperature from the average temperature. For the assessment of the climate–equity REITs
nexus, we consider a positive temperature—where the actual temperature is more intensive
than expected—which indicates high temperature. This high temperature, captured by the
dummy (This is performed such that negative temperature is assigned zero, and one is for
positive. This process is repeated for various degrees (25th, 50th, and 75th)), is further divided
into various degrees (25th, 50th, and 75th percentile computed as Ni/100 × S, where Ni is
the corresponding percentile, and S is the sample size), to stress the effect of variations in the
degrees of temperature on the equity return volatility of REITs. Two, the role of technology
shock in the foregoing nexus is equally assessed. We expect improvement in technology
(technology innovation) to reverse the depressing effect (if any) climate change might have on
US equity REITs’ return volatility. Thus, we consider various proxies of technology innovation,
such as global, regional, and US-specific (see [19]) in our analyses. We further offer some
additional analyses by considering the likely impact of global economic expansion on climate
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change and US equity REITs’ return volatility. There are indications that expansion in the
global business cycle is a pointer to an increase in global economic activities. This expansion
or improvement in global economic activity is expected to expand the investment options of a
typical investor and thus afford them to diversify their investment away from climate-ridden
assets such as REITs, thereby reducing the volatility/risk involved in investing in the market.
This notion is probed with the interaction of the temperature dummy with the dummy of global
economic activities, wherein recession is assigned zero, and one is for expansion (GECON)
in our model. We equally take a step further in our analyses to see if technology-induced
economic expansion can further reinforce the reduction in return volatility of REITs, while the
role of climate change is relaxed. Finally, to see if our results can be generalized for the entire
REITs market, we replicate these analyses for the US mortgage REITs.

5.1. Climate Change and US Equity REITs Nexus

Taking a cue from the above, we report the results (as contained in Table 3) of the effect as
well as the predictability of climate change, particularly temperature anomaly, on and for the
return volatility of US equity REITs. Given the likely effect of climate-related risk on housing
and estate via higher insurance due to an increase in a climate-related disasters such as a
flood or fire outbreak, or a reduction in rental income due to land degradation, among others,
this section highlights the possible impact of these risks for equity REITs of the US, given the
sector’s climate-related experience in recent times in the country and globally (see [43]). In
essence, the estimated parameters in our GARCH-MIDAS framework, as indicated in the
referenced table, include the unconditional mean for REITs’ returns (µ), which also indicates
the average return volatility of REITs in the face of climate change. Similarly, α and β are the
ARCH and GARCH terms, respectively, with their sum explaining the degree of volatility
persistence in the market; while ‘m’ is the long-run constant term, and ‘w’ explains the role of
the weighting parameters in the model. Also, and more germane to the focus of this study
(section) is the slope coefficient (θ), which explains the effect and predictability of climate
change on/for return volatility of US equity REITs.

Akin to the above, the results of the effects of climate change on the return volatility
of US equity REITs, as depicted in Table 3, show not only that climate change, captured
by temperature anomaly, increases the volatility (risk) associated with the equity REIT
market in the US, owing to the positive relationship (as shown by the slope coefficient—θ),
but that it also equally contains some salient information necessary for predicting future
activity in the market. This latter conclusion is premised on the significance of our slope
parameter. Interestingly, the magnitude of the risk portended by temperature anomaly
becomes obvious when various degrees of temperature are considered. For instance, a
higher temperature of 25 degrees Celsius increases the instability of equity REITs’ return
(0.0305) more than it does at higher degrees. These results imply that trading in the REIT
market reduces at a higher degree of temperature. In other words, higher risks, aggravated
by climate change, in the equity REIT market, limit the trading potential in the market
since investors are sometimes more concerned about market stability than the return
itself. Our results buttress the existing findings in the literature that stock market volatility
significantly responds to climate uncertainty [44]; climate risk increases the persistence
of volatility in the oil market [45] and that temperature is a source of long-run economic
risk [46]. Our results thus indicate that the housing and estate industry is not exempted
from the heat of the campaign against carbon emission and ozone layer depletion, owing
fairly to the nature of technologies required in this industry, and the deforestation that
usually accompanies the erection of a building, among others. Confirming these results is
the presence of high volatility persistence indicated by the sum of the α and β coefficients,
which is either close to unity (in the case of high temp and 75 degrees higher) or equal
to unity (as in 25 and 50 degrees). This implies that the volatility or climate-induced risk
in the equity REIT market is not likely to fizzle out soon, as it tends not to be short-lived.
This is similar to the results of the study conducted on the Asian stock market. It is found
that long-term stock return volatility of about 60% of the Asian stock market is affected
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by climate change [47]. Investors in the equity REITs’ stock are then advised always to
take caution while making their investment decisions. In other words, investors should
always be wary of REIT assets that are more prone to climate-related risk while making
their investment decisions to avert an avoidable loss.

Table 3. Climate change and return volatility of Equity REITs.

RV-Based GARCH High Temp. 25th Percentile High
Temp.

50th Percentile High
Temp.

75th Percentile High
Temp.

µ
0.0073 ***
(0.0009)

0.01 ***
(0.0008)

0.0071 ***
(0.0011)

0.0076 ***
(0.0011)

0.0083 ***
(0.0012)

α
0.0494 **
(0.0237)

0.1666 ***
(0.0345)

0.1 ***
(0.0157)

0.1 ***
(0.0163)

0.1083 ***
(0.0273)

β
0.9506 ***
(0.0249)

0.7464 ***
(0.0611)

0.9001 ***
(0.0168)

0.9003 ***
(0.0173)

0.7698 ***
(0.0667)

θ
0.7784 **
(0.3056)

0.0008 ***
(0.0002)

0.0305 **
(0.0137)

0.011 **
(0.0051)

0.0011 ***
(0.0002)

ω
24.087
(19.687)

9.3391
(16.892)

2.9158
(2.369)

3.4422 *
(1.9555)

6.044 ***
(1.1104)

m 0.0005
(0.0003)

−0.0001 ***
(3.9771 × 10−5)

6.3058 × 10−5

(7.9 × 10−5)
4.7852 × 10−5

(6.427 × 10−5)
−8.3966 × 10−5 ***
(2.7402 × 10−5)

Note: Each cell contains the estimated GARCH-MIDAS parameter, the corresponding standard error—in
parentheses—and statistical significance indication, using ***, **, and * to represent significance at 1%, 5%,
and 10% levels, respectively. These results are the estimated parameters of our GARCH–MIDAS regression model
using climate change indicator (temperature anomaly) as the predictor. The temperature (high temperature)
anomaly is further divided into various percentiles (computed as Ni/100 × S, where Ni is the corresponding
percentile, and S is the sample size), namely, 25th, 50th, and 75th, to see the impact of variations in the degrees of
temperature (climate change) on equity REITs’ return volatility. The parameters: µ is the unconditional mean
for equity REITs’ return volatility; α and β are the ARCH and GARCH terms, respectively, in the short-term
component, with the latter indicating the degree of persistence; θ is the sum of weighted rolling window realized
volatilities, indicating the predictability of the climate change for the REITs; w is adjusted beta polynomial weight;
and m is the long-run constant term.

5.2. The Role of Technology Shock in Climate Change and US Equity REITs Nexus

In furtherance to the above results, we examine the role of technology innovation in
the climate change–equity REITs nexus. In essence, we interrogate our previous findings to
see if climate-related technology advancement can reverse the cheering effect temperature
anomaly and the effect that it has on the volatility of the US equity REITs’ return. Thus, we
adopt the TS data by [22] to proxy the role of technology in the nexus. To achieve this, we
consider the global technology shock (GTS-164), which takes care of technology innovation
across the countries of the world; the GTS-OECD, which represents the regional innovation
in technology; as well as technology innovation that is peculiar to the US (TS-US). As with
the previous results, we assess this technology’s role in the nexus along multiple degrees of
temperature, namely, 25, 50, and 75 degrees. These results are contained in Table 4. The results
show that contrary to the results obtained for the climate change–equity REITs nexus, global
technology innovation does reverse the incessant increase in the volatility (risk) associated
with the equity REIT market across varying degrees of temperature. This result finds support
in the work by [48], whose finding stresses the significance of technological innovation
in alleviating the restraining effect of coal-based energy structures on pollution emissions.
Furthermore, this reversal is not only a mere reversal as the sum of alpha and beta across all
the degrees considered are significantly close to one, an indication of a permanent reversal.
Although the level of predictability, as indicated by the significant sign, cannot be generalized
across all the temperature levels, it is indeed instructive to note that high temperature (Temp-
GTS-164-STD—the full sample) itself, when augmented by climate technology, contains
some predictive information for the equity REIT market. These results suggest that heavy
investment in climate-related technology is not only desirable for a green environment but is
also a panacea for reducing volatility in the REIT market and by extension, a precondition
for investors to reap a high return on their investment in equity REITs. Thus, governments
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across all strata of the world need to intensify their efforts at formulating policies and support
moves that encourage investment in eco-friendly technologies.

Table 4. Technology Shock (TS) in Climate–Equity REITs Nexus.

GT-164_STD

GTS-164-STD Temp-GTS-164-
STD

25th Percentile
High Temp.

50th Percentile
High Temp.

75th Percentile
High Temp.

µ
0.0063 ***
(0.0009)

0.0061 ***
(0.0009)

0.0051 ***
(0.0008)

0.0061 ***
(0.0007)

0.0044 ***
(0.0007)

α
0.2493 ***
(0.0411)

0.299 ***
(0.056)

0.5170 ***
(0.0683)

0.5521 ***
(0.0705)

0.5725 ***
(0.0636)

β
0.5865 ***
(0.0637)

0.6278 ***
(0.0720)

0.4616 ***
(0.0555)

0.4238 ***
(0.0499)

0.3799 ***
(0.0464)

θ
−0.0166 ***
(0.003)

−0.032 **
(0.0124)

−0.5544
(0.9534)

−0.3284
(0.6218)

−0.1858
(0.2596)

ω
2.281 ***
(2.1005)

2.1688 **
(0.9105)

1.0994 **
(0.5224)

2.1945
(2.8058)

1.0018 ***
(0.0083)

m 0.0001 ***
(2.2689 × 10−5)

0.0002 **
(9.9919 × 10−5)

−1.8293 × 10−5

(3.4236 × 10−5)
0.0005
(0.0017)

0.0001
(0.0002)

GTS-OECD-STD

GTS-OECD-STD Temp-GTS-
OECD-STD

25th percentile
high temp

50th percentile
high temp

75th percentile
high temp

µ
0.0072 ***
(0.001)

0.0062 ***
(0.0008)

0.0061 ***
(0.0008)

0.0061 ***
(0.0008)

0.0062 ***
(0.0007)

α
0.6681 ***
(0.1792)

0.5331 ***
(0.1237)

0.5227 ***
(0.1226)

0.5240 ***
(0.0971)

0.5495 ***
(0.1168)

β
0.1170
(0.1239)

0.4498 ***
(0.0984)

0.4686 ***
(0.0592)

0.4515 ***
(0.0715)

0.4280 ***
(0.0939)

θ
0.8394
(0.6496)

−0.3267
(1.4706)

1.2611
(13.295)

−0.3561
(0.9445)

−0.3322
(0.9961)

ω
1.812 ***
(0.6865)

1.7081
(2.5753)

1.9153
(5.5232)

1.0972 ***
(0.2895)

1.0734 ***
(0.1995)

m −9.1279 × 10−5

(0.0002)
0.0018
(0.0071)

0.0048
(0.0492)

0.0006
(0.0015)

0.0011
(0.0033)

TS-US-STD

TS-US-STD Temp-TS-US-STD 25th percentile
high temp.

50th percentile
high temp.

75th percentile
high temp.

µ
0.0067 ***
(0.0011)

0.0070 ***
(0.0009)

0.0062 ***
(0.0007)

0.0048 ***
(0.0008)

0.0062 ***
(0.0009)

α
0.1853 ***
(0.0424)

0.6353 ***
(0.1677)

0.5277 ***
(0.1185)

0.6042 ***
(0.1101)

0.5248 ***
(0.0937)

β
0.6800 ***
(0.0989)

0.1670
(0.1376)

0.465 ***
(0.0594)

0.3677 ***
(0.0730)

0.4536 ***
(0.0592)

θ
−0.0291
(0.0516)

0.6815
(0.5111)

1.1289
(14.084)

−0.3442
(1.0258)

−0.2989
(0.9079)

ω
5.0552
(21.692)

1.4954 ***
(0.3192)

4.7507
(21.711)

1.0112 ***
(0.0033)

1.1247 ***
(0.0233)

m 0.0002 ***
(5.0371 × 10−5)

−0.0006
(0.0005)

0.0047
(0.0552)

0.0005
(0.0014)

0.0010
(0.0032)

Note: To highlight the roles of technology shocks in the climate–REITs nexus, we interact the temperature dummy
(as previously noted) with the TS data, which are continuous. Thus, we consider various proxies of TS, viz.:
GTS_I64, GTS_OECD, and TS_US. While GTS_164 captures aggregate (global) technology shocks, GTS_OECD is
the technology shocks in the OECD countries (otherwise, regional TS), and TS_US means technology shocks in
the US. In addition, while we are aware of the two types of TS—the ‘unstandardized’ and the ‘standardized’, this
study only focuses on the latter following [22]. *** and ** represent significance at 1% and 5% levels, respectively.



Sustainability 2023, 15, 14536 13 of 22

At the regional (GTS-OECD-STD) level, our results corroborate those that we observed
on the global scene, barring when the temperature is 25 degrees higher. In other words,
while it is evident that technology innovation (at the full sample—Temp-GTS-OECD-STD)
reverses the impact of temperature anomaly on equity REITs’ volatility and its associated
risk, it appears that the OECD countries delayed their intervention/investment in climate
technology until higher temperature levels (50 and 75 degrees) when the reversing impact
of technology began to be felt in the relationship between climate change and equity
REITs. The foregoing submission is also the case in the United States, wherein the role of
technology shock in the nexus between climate change and equity REITs starts to manifest
at higher degrees of temperature (50 and 75 degrees).

5.3. Additional Analyses

For robustness, we replace the role of technology shock in the nexus between climate
change and equity REITs with a positive economic shock (i.e., expansion in the global
economic activity—GECON). It is our opinion that improvement in global (aggregate)
economic activity would create more investment opportunities for investors to diversify
their investment portfolio away from the class of assets that are prone to climate risk
such as REITs. Given this, global economic expansion is expected to reduce the increase
in volatility of the equity REIT market, as observed in the main analyses. Similarly, we
examine if introducing technology innovation in the model that accounts for the role of
GECON would enhance our results. Moreover, we replicate all these previous analyses for
mortgage REITs’ volatility for probable generalization of our results.

5.3.1. The Role of Global Real Economic Expansion in Climate Change and US
Equity REITs

True to our submission, our results, as shown in Table 5, depict that expansion in
the global economy provides a cover for investors to explore other classes of assets for
an investment opportunity, thereby upturning the increased volatility effect that climate
change has on equity REITs. We can come to this conclusion by relying on the sign on
our slope coefficient. Repeating this for varying degrees of temperature anomaly gives us
the same results. Other than showing the nature of the relationship that exists between
climate change and equity REITs following economic expansion, the results also indicate
that, to a large extent, the GECON-aided model equally contains some useful information
necessary for predicting the future activity in the equity REIT market, given the statistical
significance of our slope values. These results support [49], who submit that positive
shocks on economic activity reduce volatility in the stock market. Furthermore, like what is
obtainable when TS is introduced, we equally find evidence of persistence in our results,
given the sum of alpha and beta across all the temperature degrees are considered equal,
close, or equal to unity. This finding is an attestation to the robustness of our results.
In other words, having similar results when we vary our sources of shocks shows that
our results are robust to alternative measures of shocks and that investors in the REIT
market need not be panicked in the event of the depressing effect of climate change on
their REIT-related assets, as expansion in the global economy would provide a necessary
cover for them in other class of assets. All they need to be conscious of is diversifying their
investment portfolios across an array of assets.
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Table 5. GECON in Climate–Equity REITs nexus.

GECON EXP High Temp.-
GECON-EXP

25th Percentile High
Temp.-GECON-EXP

50th Percentile High
Temp.-GECON-EXP

75th Percentile High
Temp.-GECON-EXP

µ
0.0103 ***
(0.0015)

0.0103 ***
(0.0014)

0.0024 ***
(0.0005)

0.0102 ***
(0.001)

0.0077 ***
(0.0009)

α
0.0503 ***
(0.0141)

0.0543 ***
(0.0148)

0.1369 ***
(0.0290)

0.0561 ***
(0.0116)

0.6337 ***
(0.1658)

β
0.9002 ***
(0.0323)

0.9006 ***
(0.0284)

0.7921 ***
(0.0387)

0.9204
(0.0123)

0.1284
(0.1304)

θ
−0.0021 *
(0.0011)

−0.0015 *
(0.0008)

0.0051 ***
(0.0016)

−0.0001
(0.0008)

−0.1318
(0.0908)

ω
4.9967
(5.8574)

5.0208
(6.1654)

5.009
(3.2476)

4.7901
(4.2342)

4.3172 ***
(0.8467)

m 0.0006 **
(0.0003)

0.0004 *
(0.0002)

−3.7871 × 10−6 **
(1.6138 × 10−6)

1.2755 × 10−5

(9.8018 × 10−5)
0.0148
(0.0101)

Note: To highlight the roles of global economic activity in the climate–REITs nexus, we interact the temperature
dummy (as previously noted) with the dummy of global economic activities, wherein recession is assigned 0,
and 1 is for expansion (GECON). Here, the results, as contained in each cell, are the estimated parameters (and
their corresponding standard error—in parentheses—and statistical significance indication, using ***, **, and * to
represent significance at 1%, 5%, and 10% levels, respectively) of our GARCH–MIDAS regression model, which
interacts the climate change indicator (temperature anomaly) with the global real economic expansion—GECON.
The influence of GECON in the climate–equity REITs nexus is considered at various degrees of temperature,
namely, 25th, 50th, and 75th percentiles, respectively.

5.3.2. GECON, TS, and Return Volatility of US Equity REITs

Further augmenting the GECON model with technology innovation while we system-
atically isolate the impact of climate change reinforces the impact of GECON on the return
volatility of REITs. In essence, in Table 6, the presence of technology innovation at a global scale
(GECON-EXP-GTS-164-STD) enhances the role of GECON across varying levels of expansion,
then without TS and when climate change features in the model (as in Table 5). We equally
observe in our results that the significant effect of TS in the GECON diminishes as the economy
becomes more compact. This is because the significance of TS at the global level (GECON-EXP-
GTS-164-STD) is more pronounced than at the regional level (GECON-EXP-GTS-OECD-STD),
and its significance in the latter is far above the country-specific (GECON-EXP-US-TS-STD)
level (see Table 6). This could suggest that at a lower economic level (such as a country, i.e., the
US in this case), technology-induced expansion is not enough for the reduction in volatility
experienced in the US equity market. In other words, ensuring technology-induced expansion
is a global effort, and global policymakers must ensure that all countries comply with this
commitment, especially as it could be anti-emission.

Table 6. Augmenting the GECON with Technology Shock (TS) in the nexus.

GECON-EXP-GTS-164-STD

GECON-EXP-GTS-
164-STD

25th Percentile
GECON-EXP

50th Percentile
GECON-EXP

75th Percentile
GECON-EXP

µ
0.0078 ***
(0.0011)

0.0049 ***
(0.0007)

0.0066 ***
(0.0013)

0.0053 ***
(0.0006)

α
0.102 ***
(0.0226)

0.3573 ***
(0.0586)

0.2342 ***
(0.0484)

0.3749 ***
(0.0550)

β
0.7394 ***
(0.0955)

0.5536 ***
(0.0624)

0.6169 ***
(0.0761)

0.5366 ***
(0.0609)

θ
−0.0808 *
(0.0477)

−0.0239 ***
(0.0089)

−0.0315 ***
(0.007)

−0.0226 ***
(0.0082)

ω
5.6915
(16.389)

2.9549 ***
(0.94925)

2.9655 **
(1.3264)

1.6136 ***
(0.0314)

m 0.0001 ***
(1.9338 × 10−5)

0.0002 ***
(5.6693 × 10−5)

0.0002 ***
(4.7284 × 10−5)

0.0001 ***
(4.3413 × 10−5)
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Table 6. Cont.

GECON-EXP-GTS-OECD-STD

GECON-EXP-GST-
OECD-STD

25th percentile
GECON-EXP

50th percentile
GECON-EXP

75th percentile
GECON-EXP

µ
0.0061 ***
(0.0009)

0.0089 ***
(0.0013)

0.0077 ***
(0.0011)

0.0078 ***
(0.0011)

α
0.531 ***
(0.1168)

0.0549 ***
(0.0139)

0.2532 ***
(0.0612)

0.1976 ***
(0.0430)

β
0.4487 ***
(0.0602)

0.9023 ***
(0.0215)

0.6477 ***
(0.1127)

0.6790 ***
(0.0985)

θ
−0.2938
(2.4863)

−0.0407 *
(0.0231)

−0.0644 **
(0.0265)

−0.0368 ***
(0.0130)

ω
4.9926
(51.236)

4.9471
(7.9971)

5.0987
(22.214)

5.9321
(23.474)

m 0.0010
(0.0038)

0.0002 *
(9.6506 × 10−5)

0.0003 **
(0.0001)

0.0002 ***
(3.7911 × 10−5)

GECON-EXP-TS-US-STD

GECON-EXP-TS-US-
STD

25th percentile
GECON-EXP

50th percentile
GECON-EXP

75th percentile
GECON-EXP

µ
0.0086 ***
(0.0012)

0.0071 ***
(0.0009)

0.0071 ***
(0.0009)

0.0061 ***
(0.0008)

α
0.0835 ***
(0.0142)

0.6375 ***
(0.1684)

0.6445 ***
(0.1699)

0.5342 ***
(0.1309)

β
0.9165 ***
(0.0151)

0.1607
(0.1365)

0.1578
(0.1340)

0.4509 ***
(0.0762)

θ
0.09768
(0.2331)

0.6397
(0.4747)

0.621
(0.4749)

−0.1582
(1.063)

ω
5.053
(21.04)

1.5436 ***
(0.3950)

1.4283 ***
(0.3306)

6.2198
(23.255)

m 0.0015 **
(0.0008)

−0.0013
(0.0010)

−0.0010
(0.0008)

0.0019
(0.0098)

Note: We augment GECON with TS across multiple expansion periods, 25th percentile, 50th percentile, and 75th
percentile, while we isolate the impact of climate change. GECON-EXP means global economic expansion. Other
information is contained in the previous table. ***, **, and * represent significance at 1%, 5%, and 10% levels,
respectively.

5.4. Replicating the Analyses for Mortgage REITs

For the probable generalization of our results beyond the equity market, we offer similar
analyses as previously performed, for the US mortgage REITs’ return volatility. As a form
of reminder, we first examine the effect as well as predictability of climate change for US
mortgage REITs’ return volatility. Following this, we assess the role of TS in the nexus by
using the TS data of [22]. Furthermore, we replace the TS with GECON for robustness, and
finally, we interrogate both TS and GECON data to see their combined impact on the volatility.

5.4.1. Climate Change and US Mortgage REITs Nexus

The effects of climate change on return volatility of the US mortgage REITs (as shown
in Table 7) are similar to those reported in Table 3 in that they reveal that climate change, as
measured by temperature anomaly, not only heightens the volatility (or risk) associated with
US mortgage REITs due to the positive relationship (as indicated by the slope coefficient) (see
also [45–47]), but that it also contains some important information necessary for predicting
future mortgage REITs’ outcomes. This latter conclusion is supported by the significance of
our slope coefficient, particularly when the RV-based model is taken into account, and the
temperature is 25 degrees higher. The occurrence of strong volatility persistence, as indicated
by the sum of the alpha and beta coefficients, which is close to unity, supports these findings.
Thus, it is safe to state that the impact of climate change on US REITs’ volatility goes beyond
the equity REITs, as we can establish the same for the mortgages.
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Table 7. Climate change and return volatility of Mortgage REITs.

RV-Based GARCH High Temp. 25th Percentile
High Temp.

50th Percentile
High Temp.

75th Percentile
High Temp.

µ
0.0121 ***
(0.0027)

0.0136 ***
(0.0025)

−9.5613 × 10−5

(0.0014)
0.0016
(0.0017)

0.0067 ***
(0.0023)

α
0.4163 *
(0.224)

0.2013 ***
(0.0734)

0.4327 **
(0.1997)

0.2180 ***
(0.0706)

0.2412 ***
(0.0519)

β
0.1354
(0.3080)

0.7484 ***
(0.0573)

0.0096
(0.2144)

0.7263 ***
(0.0512)

0.7295 ***
(0.0433)

θ
0.1683 **
(0.0812)

0.0062
(0.0041)

0.0611 ***
(0.0191)

0.0171
(0.0107)

0.0100
(0.0087)

ω
5.7
(3.945)

4.6326 **
(2.0383)

3.4236 **
(1.5377)

4.6335
(3.832)

16.689
(30.553)

m 0.0004 **
(0.0002)

−0.0012
(0.0008)

2.1898 × 10−5

(3.3786 × 10−5)
2.3201 × 10−5

(4.949 × 10−5)
0.0001
(0.0005)

Note: Each cell contains the estimated GARCH-MIDAS parameter, the corresponding standard error—in parentheses—
and statistical significance indication, using ***, **, and * to represent significance at 1%, 5%, and 10% levels, respectively.
These results are the estimated parameters of our GARCH–MIDAS regression model using climate change indicator
(temperature anomaly) as the predictor. Other information is contained in the previous table.

5.4.2. The Role of Technology Shock in Climate Change and US Mortgage REITs Nexus

As we previously performed with equity REITs, we also examined the role of technology
shock in the climate change–mortgage REITs nexus. This was equally undertaken across
various proxies of TS as well as various degrees of higher temperature. Essentially, our results,
as in Table 8, show that contrary to the results obtained for the climate change–mortgage
REITs nexus (see Table 7), technology innovation does reverse the incessant increase in the
volatility (risk) associated with the mortgage REIT market across varying degrees of temperature
(see also [48]). Predictability-wise, the global technology shock predicts the climate-induced
volatility of mortgage REITs more than regional (OECD) technology innovation does, even
though the same conclusion cannot be made for US-specific technology shock. Consequently,
the significance of technology shock in the climate change–mortgage REITs nexus declines
as the economy becomes more closed. Additionally, beaming the searchlight of our analyses
on whether the role of technology in the nexus is transient or permanent, our results show
that the degree of persistence is mixed for different TS proxies and across different degrees of
temperature. While the persistence seems to be permanent for the global TS (GTS-164-STD) at
both a high degree of temperature and when the temperature is 50 degrees higher, the foregoing
also holds for OECD but includes when the temperature is 75 degrees higher. At the US level,
the impact only appears to be permanent when the temperature is 50 and 75 degrees higher.

Table 8. Technology Shock (TS) in Climate–Mortgage REITs Nexus.

GT-164_STD

GTS-164-STD Temp-GTS-164-
STD

25th Percentile
High Temp.

50th Percentile
High Temp.

75th Percentile
High Temp.

µ
0.0079 ***
(0.0028)

0.0041 *
(0.0022)

−6.314 × 10−5

(0.0014)
0.0057 **
(0.0024)

0.0025
(0.0022)

α
0.3871 **
(0.1831)

0.2195 ***
(0.0481)

0.4493 **
(0.1983)

0.2267 ***
(0.0752)

0.3801 **
(0.1834)

β
0.1476
(0.2618)

0.7537 ***
(0.0381)

0.0004
(0.1986)

0.7067 ***
(0.0554)

0.1529
(0.2338)

θ
−0.1687 ***
(0.0648)

−0.2603
(0.1901)

−0.9622 ***
(0.3085)

−0.4698
(0.3466)

−0.4271 ***
(0.1412)

ω
2.9908
(2.1754)

1.8832 ***
(0.3375)

4.2233 **
(1.8861)

2.414
(1.5221)

1.7757 ***
(0.2001)

m 0.0014 ***
(0.0004)

0.0019
(0.0014)

2.304 × 10−5

(3.5023 × 10−5)
0.0006
(0.0008)

0.0008 ***
(0.0002)
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Table 8. Cont.

GTS-OECD-STD

GTS-OECD-STD Temp-GTS-
OECD-STD

25th percentile
high temp

50th percentile
high temp

75th percentile
high-temp

µ
0.0193 ***
(0.0032)

0.0106 ***
(0.0026)

0.0001
(0.0014)

0.0092 ***
(0.0026)

0.0093 ***
(0.0025)

α
0.1415 *
(0.0799)

0.2045 ***
(0.0788)

0.4566 **
(0.193)

0.2023 ***
(0.0759)

0.2105 ***
(0.0807)

β
0.7964 ***
(0.1061)

0.7489 ***
(0.0623)

0.0238
(0.2159)

0.7612 ***
(0.0586)

0.7513 ***
(0.0607)

θ
−0.3225
(1.0395)

−0.3829
(0.4957)

−1.1544 ***
(0.3784)

−0.7209
(0.6775)

−0.5854
(0.6104)

ω
4.7099
(33.042)

1.8522
(1.823)

2.9545 ***
(0.8878)

1.6351 ***
(0.5918)

1.5749 *
(0.8461)

m 0.0015 **
(0.0007)

0.0020
(0.0017)

2.0606 × 10−5

(3.7279 × 10−5)
0.00112
(0.00111)

0.0020
(0.0021)

TS-US-STD

TS-US-STD Temp-TS-US-STD 25th percentile
high temp.

50th percentile
high temp.

75th percentile
high temp.

µ
0.0203 ***
(0.0033)

0.0203 ***
(0.0034)

0.0202 **
(0.0034)

0.0094 ***
(0.0026)

0.0087 ***
(0.0023)

α
0.3170
(0.2218)

0.3254
(0.2233)

0.3141 ***
(0.2209)

0.2008 ***
(0.0737)

0.2033 **
(0.0801)

β
0.2303
(0.4332)

0.22325
(0.4268)

0.2319 ***
(0.4352)

0.7612 ***
(0.0577)

0.7562 ***
(0.0614)

θ
−0.1163
(0.3335)

−0.1464
(0.4440)

−0.7490
(0.9725)

−0.5957
(0.5157)

−0.4865
(0.4513)

ω
13.641
(106.29)

17.595
(114.99)

25.835
(318.09)

1.6544 ***
(0.4831)

1.8599 **
(0.8074)

m 0.0014 ***
(0.0005)

0.0015 **
(0.0007)

0.0003
(0.0012)

0.0010
(0.0009)

0.0019
(0.0018)

Note: To highlight the roles of technology shocks in the climate–REITs nexus, we interact the temperature dummy
(as previously noted) with the continuous TS. Thus, we consider various proxies of TS viz.: GTS_I64, GTS_OECD,
and TS_US. ***, ** and * represent significance at 1%, 5% and 10% levels, respectively.

5.4.3. The Role of Global Real Economic Expansion in Climate Change and US
Mortgage REITs

As previously justified, we replace the role of TS in the nexus between climate change
and mortgage REITs with GECON to see if the same results reported for equity REITs can
also be offered for a mortgage. Our results show that the GECON offers a plural role in the
nexus (see Table 9). Put differently, global economic expansion, in some cases, reduces the
volatility (see [49]) in the mortgage REITs’ return, while, in some other cases, it heightens
it. This could be attributed to the nature of the expansion in question. If the expansion is
coming from the sector that generates high emissions, then the latter result is plausible.
Whatever the case, this impact across all degrees of temperature considered cannot persist
over a long period given the low persistence indicated by the sum of the alpha and beta,
which is less than unity. Here, investors have to be more careful while basing their decision
to invest in REITs on economic expansion, as GECON does not impact/predict equity and
mortgage REITs the same way. However, the difference in our results is not discernible.

Finally, we interrogate both the TS and GECON data in Table 10 to see their combined
impact on the return volatility of US mortgage REITs. Our results show that isolating the
impact of climate change for the interaction between TS and GECON reduces the volatility
in the mortgage REITs as against the impact of climate change in the market. This is similar
to the results obtained for equity REITs, except that the results for the country-specific
mortgage REITs are upturned. Put succinctly, the presence of technology innovation
across economic classifications (global, regional, and country-level) enhances the impact



Sustainability 2023, 15, 14536 18 of 22

of GECON on mortgage REITs’ return volatility across varying levels of expansion, then
without TS, and when climate change is observed in the model. It is imperative to state
that this impact is apparent for a long period, as indicated by the degree of persistence,
which is close to unity across different expansion periods. It is imperative to state that
our results here are similar to those that we reported for equity REITs. Thus, the joint
role of technology innovation and GECON in stemming the risk associated with the REIT
market cannot be overemphasized. Hence, more investment in technology across countries
is encouraged to facilitate technology-induced expansion.

Table 9. GECON in Climate–Mortgage REITs nexus.

GECON EXP High
Temp.-GECON-EXP

25th Percentile High
Temp.-GECON-EXP

50th Percentile High
Temp.-GECON-EXP

75th Percentile High
Temp.-GECON-EXP

µ
0.0059 **
(0.0024)

0.0052 **
(0.0024)

0.0002
(0.00143)

0.0009
(0.0015)

0.0115 ***
(0.0029)

α
0.3885 **
(0.1771)

0.3922 **
(0.1781)

0.3771 *
(0.2070)

0.4541 ***
(0.1753)

0.4177 **
(0.171)

β
0.0960
(0.2611)

0.0822
(0.2577)

0.0796
(0.3031)

0.03
(0.2262)

0.0679
(0.2623)

θ
−0.0071 ***
(0.0023)

−0.0067 ***
(0.0021)

0.0661 ***
(0.0208)

0.0382 ***
(0.0112)

−0.0207 **
(0.0094)

ω
1.001 ***
(0.0409)

1.001 ***
(0.0380)

3.1479 ***
(0.7567)

2.1494 **
(0.9235)

1.001 ***
(0.0723)

m 0.0029 ***
(0.0008)

0.0027 ***
(0.0008)

2.1662 × 10−5

(3.8807 × 10−5)
6.9455 × 10−6

(5.1864 × 10−5)
0.0037 ***
(0.0013)

Note: See previous tables for necessary information about each parameter in the table. ***, ** and * represent
significance at 1%, 5% and 10% levels, respectively.

Table 10. Augmenting the GECON with Technology Shock (TS) in the nexus.

GECON-EXP-GTS-164-STD

GECON-EXP-GTS-
164-STD

25th Percentile
GECON-EXP

50th Percentile
GECON-EXP

75th Percentile
GECON-EXP

µ
8.4968 × 10−5

(0.0017)
0.0071 ***
(0.0022)

0.0047 **
(0.0023)

0.0045 **
(0.0023)

α
0.260 ***
(0.0617)

0.1949 ***
(0.0648)

0.2208 ***
(0.0462)

0.2062 ***
(0.0544)

β
0.7022 ***
(0.0414)

0.7691 ***
(0.0449)

0.7535
(0.0384) ***

0.7580 ***
(0.0396)

θ
−0.8465
(0.7363)

0.1973
(0.1509)

−0.2760
(0.1984)

−0.1997
(0.1226)

ω
1.001 ***
(0.0057)

4.7827 ***
(2.1308)

2.5378
(0.5045) ***

2.3127 ***
(0.40963)

m 0.0021
(0.0018)

0.0011
(0.0008)

0.0018
(0.0013)

0.0013
(0.0008)

GECON-EXP-GTS-OECD-STD

GECON-EXP-GST-
OECD-STD

25th percentile
GECON-EXP

50th percentile
GECON-EXP

75th percentile
GECON-EXP

µ
0.0126 ***
(0.0028)

0.0194 ***
(0.0032)

0.0194 ***
(0.0032)

0.019 ***
(0.0032)

α
0.3475 *
(0.2072)

0.1385 *
(0.0787)

0.1406 *
(0.0795)

0.1414 *
(0.0799)

β
0.2233
(0.3176)

0.7990 ***
(0.1058)

0.7969 ***
(0.1063)

0.7965 ***
(0.1061)

θ
−1.3203
(0.8952)

−0.4326
(1.0287)

−0.3763
(0.9994)

−0.3251
(0.9633)

ω
1.693
(1.0633)

3.9569
(18.511)

4.2553
(24.732)

4.6381
(31.258)

m 0.0005
(0.0005)

0.0020
(0.0017)

0.0017
(0.0011)

0.0015 **
(0.0008)
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Table 10. Cont.

GECON-EXP-TS-US-STD

GECON-EXP-TS-US-
STD

25th percentile
GECON-EXP

50th percentile
GECON-EXP

75th percentile
GECON-EXP

µ
0.0129 ***
(0.0025)

0.0186 ***
(0.0031)

0.0202 ***
(0.0034)

0.0099 ***
(0.0022)

α
0.1921 ***
(0.0739)

0.143 *
(0.0793)

0.3259
(0.2183)

0.2162 ***
(0.0786)

β
0.7619 ***
(0.0603)

0.8038 ***
(0.0978)

0.2028
(0.4304)

0.7471 ***
(0.0591)

θ
−0.0643
(0.6093)

−0.1880
(0.3747)

−0.1639
(0.3484)

−0.3829
(0.3914)

ω
16.605
(440.91)

10.477
(35.814)

14.452
(69.655)

2.671 *
(1.4374)

m 0.0012
(0.0010)

0.0018
(0.0013)

0.0016 **
(0.0008)

0.0024
(0.0025)

Note: We augment GECON with TS across multiple expansion periods, 25th percentile, 50th percentile, and 75th
percentile, while we isolate the impact of climate change. GECON-EXP means global economic expansion. See
previous tables for further information. ***, ** and * represent significance at 1%, 5% and 10% levels, respectively.

6. Conclusions and Implications

In recent times, climate change has become a strong threat to investing in REITs.
While a huge amount of money is being invested in the sector, possible returns therefrom
cannot be easily predicted given the current climatic condition. Our emphasis is thus to
examine the connection between climate change and the return volatility of US equity
REITs, using the GARCH-MIDAS approach, and verify the role of technological innovation
in suppressing the negative impact arising from climate change in the REITs–climate
change nexus. The GARCH-MIDAS approach for this examination is attractive owing to its
flexibility in accommodating data that are originally available in different frequencies, as in
the case of this study. Before the development of this technique, the aggregation of data
to a uniform frequency through splicing was what researchers were compelled to do, and
this process usually led to the loss of some salient information. However, GARCH-MIDAS
circumvents this by accommodating data in different frequencies into the same model.
For our analyses, temperature anomaly—the deviation of average/expected temperature
from actual—which we later partitioned into different temperature degrees, is used as
a proxy for climate change. Following this, the possible role of technology shock in the
nexus is examined. The intuition behind this is to see if technology innovation can reverse
the possible turbulent impact of climate change on the equity REIT market. Furthermore,
we replace the role of TS with global economic expansion if the same results for TS are
upheld. It is believed that an increase in global (aggregate) economic activity would provide
investors with more opportunities to diversify their portfolios away from assets such as
REITs that are susceptible to climate risk, thus reducing the rising volatility in the equity
REIT market. As additional analyses, we examine if introducing technology innovation in
the model that accounts for the role of GECON, while climate change impact is completely
suppressed, would enhance our results. All these previous analyses are equally replicated
for mortgage REITs for plausible generalization of our results.

Our findings show that climate change increases the risk (volatility) associated with
US equity REITs, just as it also offers some predictive content for the return volatility of
the asset. While the sign of the slope coefficient guides the former conclusion, the latter is
premised on the significance of the slope. When our results are compared along varying
degrees of temperature, we find that higher risks caused by climate change in the equity
REITs market limit the trading potential in the market. However, when technology shock
is introduced into the model, the turbulent impact of climate change on equity REITs is
completely reversed. This is also the case when TS is substituted for GECON in our model.
This confirms our hypothesis that expansion in global economic activity would provide
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investors with more opportunities to diversify their portfolios away from assets (e.g., REITs)
that are vulnerable to climate risk, thus reducing the escalating volatility in the equity
REIT market. Thus, our results are robust to different measures of economic shock. Also,
when we augment TS with GECON while suppressing climate change in our model, we
find that both TS and GECON reduce the risk associated with the equity REIT market
across different levels of economic expansion and economic classifications safe country
level—US—where the reduction occurs at higher expansion level.

Finally, replicating our analyses for mortgage REITs, we show that climate change has
a similar impact on the return volatility of US mortgage REITs, albeit the predictability
results only hold when the temperature is 25 degrees higher. When we invoke the role
of TS, our results are equally similar to those that are obtainable under equity REITs, as
the TS also represses the cheering effect of climate change on return volatility of mortgage
REITs across all economic classifications, namely, global, regional, and US. In the same
vein, when TS is replaced with GECON, as was performed with equity REITs, the influence
of GECON in the relationship between climate change and US mortgage REITs remains,
except at certain higher degrees of temperature, such as 25 and 50 degrees. Above all, and
to a large extent, our conclusion is also robust to alternative REIT markets/assets.

As a form of policy implication arising from our evaluation, investors should always
pay attention to issues around climate change as well as the level of investment in technol-
ogy that has happened in the REIT market while making their decisions. While sudden
climate change could stand as a threat to investing in REITS, technological innovation can
be easily used to mitigate the harmful effects of climate change in this nexus. Similarly,
the outcome from this finding suggests that investors should be wary of the drivers of
economic expansion while forming their decisions, as technology-induced expansion is
found to reduce the risk associated with REIT markets. Not just that, the level of economic
activities in the country could further explain the extent to which investing in REITs will
be beneficial. We suggest future experiment probes into other markets that are equally
susceptible to climate change to enhance the generality of our results.
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