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ABSTRACT

This thesis develops a task-specific, Gamma-distributed Climate Social Impact Index (CSII) for
analyzing the social significance of climatic variations. The CSII is designed to be covarying
with human and/or physical environments in both spatial and temporal scales and is best at
processing meso-scale climatic variations. Construction of the CSII is based on the
Evapotraspiration Heat-Precipitation Index (EHPI) which the current author previously
developed. The CSII is validated against climatic and social-demographic records of 15th
century France. It was discovered that the CSII processes well the reconstructed temperature and
precipitation conditions within 100 years period. But it was also proved that the CSII does
demand a large set of imported data in order to function in full capability.
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Chapter 1
Introduction
This thesis aims at developing a spatially as well as temporally covarying climate social
significance index that may be deployed not only to understand past climatic events and
variations, but also capable of being projected upon current and/or predicted climatic events to
help provide insight into the social-economic significance of such climatic events.
The several short-to-medium term rapid are they rapid if they’re also medium-term
climate events that were recorded during the Middle Ages have always been a major topic for
both climatologists and historians in the academia. The famous Little Ice Age and the Medieval
Climatic Anomaly have both attracted significant interest. Efforts have been made to recollect,
reconstruct, model, and explain both the sequences of and the causation mechanisms behind such
events.
Indeed, one important driving factor for historical climatic research is to extract
knowledge of past climatic variations and project such acquired knowledge onto predictions of
climate, to help alleviate the societal threats from such extreme climatic and meteorological
events. As the science and methodology of climatology and statistics have advanced,
constructing climatic indices to help better comprehend climatic patterns and to aid in decision
making has become increasingly popular. For example, through utilization of demand-specified
indices not only will academics be empowered to better understand the practical impacts of
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climatic events, but so too will decision makers of other government institutions acquire
necessary knowledge of the impacts of such events on his/her field of expertise.
It is important to note that climatic patterns do not tend to be the same across even a short
spatio-temporal range. The fact that there are few climatic indices that are spatially as well as
temporally localized has obstructed their further expanded of usage in an historical context.
Researchers and decision makers attempting to project understanding of the causes and impacts
of past climate events to current conditions using such indices may find it indeed unwise to do so
without being able to localize the index to the local situation. Therefore, my thesis attempts to
solve this shortcoming of previous climatic indices.
The remaining chapters of this thesis will be divided into first a survey of past efforts in
climatic indexing, especially paleo-climatic and historical climatic indexing. One section within
this background chapter is dedicated to describing the past practical applications of time-andspace specific indices and a brief evaluation of their successes as well as limitations.
The background chapter will be followed by a literature review that briefly describes the
relevant literature across many disciplines of climatic indexes, the social impacts of climate
events, the construction of climatic indices, among other topics. The time range of the surveyed
literature surveyed spans across the end of last century until the latest research findings. The
literature review chapter is followed by a description of the methodology involved in
constructing the localized climatic index, including the necessary mathematical models. In that
chapter, the logic for relating the index to social impacts of climate events is also explained so
that repeated validation work and experiments may be conducted in future studies.
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The following chapters of this thesis will cover the validation results of the constructed
index. This validation procedure utilizes the collected proxy data for the Medieval Climate
Anomaly and the Little Ice Age Europe to test the index’s ability to be localized in both spatial
and temporal terms. A discussion chapter specifies the usage as well as limitations for this index
the proposed methodology to use such an index for localized climatological decision making. A
short conclusion chapter will briefly discuss the outlook for such climate index-based studies and
invite more effort into localizing climatic indices to render them more functional for various
scales of decision making.
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Chapter 2
Background
Previous work on climatic indices spans a considerable range of disciplines. On the most
micro scale, research has been done on constructing indices that accurately reflect subjective
human bodily reactions to alterations in heat-humidity conditions in the immediate surroundings
(i.e., “human comfort”). Bröde et al. (2012) derived an operation procedure for constructing such
a human-thermal interaction index (Universal Thermal Climate Index, UTCI) tailored to a
specific user-defined purpose. However, this attempt was confined within a minimal physical
scale. At the same time, studies on larger scales have also been well underway. Many such
efforts started as attempts to reconstruct historical climatic events and to render such
reconstructions quantifiable in terms of socio-economic forces. One essential outcome of these
studies is a series of paleo-climatology analysis methodologies based upon proxy climatic data
such as δO18 and pollen sedimentation, as well as crucial methods for deriving heat-precipitation
indices based on other proxy climate data records and mathematical models. In constructing the
climate index previously introduced in this thesis, some of these index-building methods will
serve as theoretical foundations. For example, Li et al. (2015) innovated upon the traditionally
used Standardized Precipitation Index (SPI) and created a Nonstationary Standardized
Precipitation Index (NSPI) that correlates with climatic teleconnection indices (such as NAO,
ENSO) and provides better local relevance on both temporal and spatial terms both temporally
and spatially.
Another major research direction focuses on de-ciphering the social-demographic
impacts of climate events. Researchers such as Gogou et al (2016) have suggested that it may be
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the most efficient to correlate social-environmental changes in history with notable
environmental events. Many such studies have strongly suggested that climatic events can indeed
exert considerable impacts on social-economic and social-environment conditions through
introducing greater variabilities in crop production, cattle prices, and even the spread of
infectious diseases. Multiple studies utilizing sediment proxy heat and precipitation data from the
Medieval period for example, have found that increased humidity and temperature in climatic
conditions had favored the breeding of rodents prior to the major outbreaks of “Black Death”, a
fiercely contagious and deadly fever-like disease that once wiped out a significant portion of
European population (1348-1350). The book by Rosen (2014) also detailed how a seven-year
episode of unfavorable climate conditions (in late 13th century to early 14th century) triggered the
Great Famine of the 14th century and subsequent social-economic turmoil in Europe (Rosen,
2014). Other studies include specific simulations and reconstructions of climatic impacts on
societal details such as the price of building construction materials and techniques (Jame, 2010).
A previous effort by the author of this thesis, presented at the 12th Moravian
Undergraduate Conference for Medieval Studies (2017), demonstrated the feasibility of a new
heat-precipitation index that can be normalized to illustrate the societal significance of a drought
or rainy event. The Heat-Precipitation Index (HPI) and its upgraded form, the Evapotranspiration Heat-Precipitation Index (EHPI) proposed by the author, was validated against
Medieval European climatic records obtained as proxy data from lakebed pollen sedimentation
as well as tree ring records (Yu, 2017). Because this index was initially designed to illustrate
climate variation and anomalies, it gives considerable quantified insight into the social-economic
significance of climate events and variations. The first application of HPI and EHPI was to
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demonstrate that some major famines in Europe during the 14th to 16th centuries were not
simply the result of extended droughts impacting agriculture -- commencement of the Little Ice
Age and extended periods of heavy rainfall seem to be among the major contributors to repeated
famines observed in records from those centuries. The short-term global cooling that followed
the Kuwae eruption in 1453 was also evident in this index.
On larger scales, long-term anomalies in climatic trends such as the commencement and
recession of the Little Ice Age and Medieval Climatic Anomaly have been observed to introduce
long-term social stress across a large spatial scale. However, the fact that there is an apparent
lack of recorded instances in climatic anomalies and trends, as well as the social stress conditions
of such a scale, bring direct obstacles to quantifying social significance of long-term climatic
trends. Same problem can be observed for climate patterns across large spatial scales. It is not the
task or the capacity of the climate social impact index, therefore, to quantify and illustrate
climatic impacts over large spatial-temporal scales.
Accordingly, this thesis attempts to integrate various perspectives of the climatic impact
on social-economic conditions and calculate the potential significance of any given climatic
event on the subsequent social and political events.

7

Chapter 3
Literature Review
The reviewed literature covers a wide range of topics concerning climatology and paleoclimatology, the processing of climate proxy data, construction of the thermal/climate index,
recent anthropogenic climate change, and research on environment-related chronological
diseases related to climate factors. Specifically:
The papers by Reinemann et al (2014), Amann et al (2015), Li et al (2015), Aberth
(Aberth, 2012), Buckland et al (Buckland et al., 1996), Crowley & Lowery (2000) and many
other scholars reported on climate patterns dating back between 2000 to 500 years (i.e.,
paleoclimatology). The reconstruction methods used to re-create the past climate patterns mostly
involved interpretation of proxy temperature data based on δO18 content detected in polar ice
cores as well as from deep oceanbed cores. Such proxy data work because of the direct
relationship between temperature and δO18 content in the long term. The proxy data collected
and used in my thesis here is mostly comprised of oceanbed and lakebed pollen as well as δO18
content data, therefore the previously-published research can serve as important methodological
support.
The papers by McMichael et al (2017), Morellon et al (2011), Gogou et al (2016) and
many other scholars reported progress in the field of climate-related anthropological behavior
and related health problems.
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On the most micro scale, human skin can feel subtle climate variations in the immediate
surroundings of the human body. Work by Bröde et al. (2012) suggested an operational
procedure for deriving a thermal climate index of direct human skin reaction to the immediate
thermal climate. Even though the index so derived is called the Universal Thermal Climate Index
(UTCI), it still considers the environmental humidity felt by the human body. However, the
mathematical model behind the mechanism of UTCI takes the physiological conditions of human
bodies into calculation, and therefore cannot be seen as a completely climatological index. Even
so, the operational procedures for deriving the UTCI provided theoretical support for considering
even the smallest scale of climate variations as having an impact on social-demographic patterns
of correspondingly larger scales.
Interestingly enough, such correspondence between scales of climatic variation and social
climatic impacts can be seen almost universally across the scale range, from individual human
bodies to the large-scale upheavals and famines across Europe during the Middle Ages (Fraser,
2011). As described by Fraser, the “ calamitous ” 14th century was very likely accentuated by
instabilities in climatic conditions to a considerable scale. Although the most bountiful historical
climatic record is available for this spatio-temporal scale of climate-social interaction, this scale
is also the most difficult to quantify. This difficulty arises because of the discrepancies in the
types of records and proxy records available across both space and time, which render the
derivation of a unified quantitative dimension that is suitable everywhere very difficult. On the
other hand, despite the huge amount of historical records, there is a major lack in well-supported
direct causation evidence between climatic anomalies and social instabilities. When Li et al.
(2015) developed the NSPI, they also offered an inspiration and theoretical support for linking
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meso-scale climatic anomalies to social development patterns. By making climatic cyclical
indices (cyclical oscillations such as ENSO and NAO define: El Niño Southern Oscillation,
North Atlantic Oscillation) covariant with the precipitation index, the explanatory capabilities of
the precipitation index can be greatly enhanced.
This body of research contributes to this thesis in terms of providing a theoretical basis
for linking climate patterns to human health and behavior, such as risk of contracting contagious
epidemics. Caution will be taken, however, to ensure that the stated relevance between the two
factors are statistically significant and well supported.
Research conducted by Deniz et al (2011), Poole (1940), Xoplaki et al (2016), the United
Nations (Vulnerability indices [electronic resource], 2001) and many other scholars as well as
organizations reported work on the development of climate-human interaction indices serving
various purposes and functionalities. These papers documented well-supported, verified
algorithms for developing such indices and their usability.
Many other scholarly reviewed papers were surveyed for this thesis as well,
supplementing the theoretical basis and methodological basis of this paper. The focus of many
such papers is the Medieval Climate Anomaly (MCA), as it is one of the best periods that can be
studied relatively easily to understand the climate-human interaction.
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Chapter 4
Method
As previously mentioned, my HPI and EHPI already have the capability to illustrate the
social significance of climatic anomalies on both short and long timescales. Of the two forms of
the index (HPI and EHPI), EHPI takes evaporation into consideration and essentially follows a
Gamma distribution that is like the traditional Standardized Precipitation Index. Therefore, EHPI
often demonstrates much better sensitivity to climatic anomalies, and exhibits better accuracy in
terms of its social significance. For EHPI to be more task-specific, it has a drought form that is
more sensitive towards drought anomalies and a humid form that is more sensitive to excessive
precipitation. The basic forms of the two different indices are:
Edrought (t) ~ Gamma (α, β-1),

(1.1)

Where α ~ (dT, d18O, SPEI), β (t) ~ P

(1.2)

Ehumid (t) ~ Gamma (α’, β’),

(2.1)

Where α’ ~ (dT, d18O, SPEI), β’ (t) ~ μ (P)

(2.2)

And

In both forms, two scale factors α and β are added to enable the index to adjust to any
practical scales necessary such as the temporal scale, where α is the spatial localization factor
and β is the temporal localization factor. As the two forms have demonstrated, EHPI utilizes the
variation of the traditional SPI, the Standardized Precipitation-Evaporation Index (SPEI, which is
a Gamma distribution index just as SPI) to establish the benchmark precipitation percentile at the
local scale. This percentile is then adjusted by the raw thermal anomaly (dT) and an optional
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proxy thermal anomaly (d18O) that is specifically tailored for studying historic climatic records
through proxy data. Next, this benchmark factor is scaled up through the

cumulative

precipitation (P) or the standard deviation of accumulated precipitation (μ[P]).

Like other

variants of SPI, EHPI also follows a general Gamma distribution. However, since EHPI also covariates with local temperature conditions it better brings out the entire climatic picture.
Therefore, EHPI sets a reasonable basis for identifying significant social impacts of climatic
anomalies. For constructing the Climate Social Impact Index, it is more appropriate to utilize the
humid form (H) of the EHPI to make calculations less complicated.

Figure 1. Demonstrated HPI (orange) and EHPI (blue) time series illustrating climatic
variations and anomalies through the 100-year span of the 15th century (Yu, 2017). Note
particularly the shift from a dominant humid phase (negative) to a drought phase (positive),
and the major climatic fluctuations after the year 1453.
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Just as spatial-temporal variations of climate patterns need to be localized to suit various
research needs, the social impacts of climate variations also need to be localized to fulfill the
purpose of the climatic social impact index. Therefore, it is necessary to examine the different
spatial-temporal scales of such social impacts.
Based on the examination of climate-social inter-relationship given earlier, it is possible
to construct the Climate Social Impact Index. Firstly, because this index will focus on providing
the significance of climate anomalies seen through the societal lens, this index must covary with
potential local conditions as specified by the user of the index. The local condition indicators
may include: anomalies in cyclic climate patterns affecting the study area, local base
demographic conditions such as density of residential population, types of residences present in
study area, base disease epidemic conditions and climate region categorization of the study area,
etc. The resulting index will generally follow a Gamma distribution just as the SPI yet will
include more scaling components to ensure that the index can be as specific as initially designed.
In the most general form, this index will exhibit a form not so different from the original humidphase EHPI, as follows:
Χmw (s, t) ~ Gamma (μt, σs, m, w, γt),

(3.1)

Where μt ~ [dT(t), dP(t), SPEI], while σs (t) ~ μ (P)

(3.2)

In the mathematical model above, μ t and σ s are the spatial and temporal localization
factors in (2.1), respectively, while each covarying with user-specified time (t) and space (s)
ranges. The three factors with which μt covaries are raw thermal anomaly (dT), raw precipitation
anomaly (dP), and precipitation percentile given by SPEI (or the original form of SPI). Two
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additional factors, m and w are added, each representing base local climatological and
demographic conditions. The final factor γ t was first introduced by Li et al. (2015) when
constructing the NSPI, the non-stationary version of the traditional Standardized Precipitation
Index. This factor covaries with a chosen climatic cyclical pattern index, as specified by the user.
The parameter γt is given by:
γt = ∑ni = 0 biCi (t)

(4)

Where b is constant, and C is the explanatory variable provided by the climatic cyclical
pattern index selected (Li et al. 2015). This ensures that the index considers variations in local
climatic system’s climate conditions and helps explain local heat and precipitation variations.
The forms of factors m and w are not pre-determined. In theory, the local climatological
factor m can simply be an accumulative record average of local precipitation amounts,
temperature trend, or even a ten-year average of SPI records. On the other hand, the local
demographic factor w is a standardization of the local demographic profile compared against a
“benchmark” profile that is either arbitrary or realistic (derived from population surveys and/or
historical records for the nearby localities). Even though neither m nor w take fixed forms, they
can still be expressed as follows:
m = ∑nj = 0 Xj (N)

(5.1)

w = ∑nj = 0 Yj (N)

(5.2)

And

Where X and Y are each localization indices and N denotes the user-specified reference
time period.
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Overall, the Climate Social Impact Index is by no means a stationary index with a fixed
form. There is ample room for users of this index to suit the index to real-world conditions. It has
to be noted, however, that this index has a native time and space scale limit. As explained
previously, it is meaningless to quantify long-term, large-area climatic variation and its social
impact using such indices. The fact that the entire mathematical model works around a mediumscale EHPI means that this index performs the best at meso-scale geographical regions (~300 km
radius) paired with meso-scale climate and societal time spans of less than 100 years.
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Chapter 5
Validation
The validation process of the CSII used the same historical data sources as the previous
validation work of EHPI. However, because CSII is a meso-scale climate index, the time span of
only 100 years was chosen, instead of conducting a multi-century reconstruction as I did for the
EHPI.
For the purpose of this validation work, reconstructed paleo-climate data for 15th century
France and Switzerland were acquired from the NOAA Paleoclimatology Program dataset. The
types of acquired data include reconstructed precipitation anomalies centered on the historical
site of Fountainbleau, France (Labuhn et al., 2016), thermal anomaly reconstruction based on
lakebed sediment δ18O data from Lake Oeschinen in the Northern Alps (Amann et al. 2015) as
well as French summer drought conditions (Labuhn et al., 2016), and reconstructed climate
change (thermal) patterns based on lakebed sediments from Lake Silvaplana (Larocque et al.
2010), also in the Northern Alps. The reconstructed social-demographic benchmark data for 15th
century France was reconstructed based on multiple sources of cattle (Poole, 1940) and crop
prices (Durand & Leveau, 2004), as well as the general demographic conditions in Europe after
the Great Famine in 14th century (Rosen, 2014). On the other hand, paleo-climatological studies
regarding the benchmark climate conditions in 14th-15th century Europe were obtained from
climate model simulations by Hunt (Hunt, 2006). Lastly, the Northern Atlantic Oscillation (NAO)

16

record during the Medieval Climatic Anomaly was selected as the explanatory factor in γt
(Trouet et al., 2009).

Figure 2. Geographical distribution of NOAA database for reconstructed paleo-climate
data.

Following acquisition of the above historical records and proxy data reconstructions, I
was able to construct a time series illustrating the social significance of climate variations
through 15th century France:
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Figure 3. Reconstructed climate social significance in CSII, compared to the original EHPI
for the same period. Note that variations of CSII are now contained in one domain.

When compared with the EHPI, it is apparent that by keeping the data within one domain
instead of crossing between positive and negative domains, CSII is easier to read and interpret
than EHPI. Also, as CSII filters out the “noise” of non-significant climate variations, it has
become easier to identify climate events having the most social significance. The clear increase
in climate fluctuations after 1453, for example, is much easier to see in CSII than in EHPI.
Also, another major advantage of CSII is that this index is strictly case-by-case, giving
the index great flexibility while requesting that the user fine-tunes the index for every new
application of the index before deployment.
As can be concluded from Figure 3, following the onset of a new wave of climate
instability (and in short term, the global cooling effects following the eruption of volcano Kuwae
in early 1453), variations in climate patterns had become increasingly significant in terms of
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their social impact, and by 1465 reached their highest significance. The index then departs from
the same general trend as EHPI and drops back to pre-1453 values. Interestingly, the NAO
records revisited by Trouet et al. (2009) seem to agree with the point that the decade between
1453 and 1465 saw a particularly unique phase in terms of a sudden and short negative phase of
NAO (Trouet et al., 2009).

Figure 4. This figure (from Trouet et al. ’ s 2009 paper) illustrates the reconstructed
history of the NAO. Note the relatively short negative NAO phase in the middle of the 15th
century (Trouet et al., 2009).
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Although the NAO has been regarded as the major driver behind the famous Medieval
Climatic Anomaly, also known as the Medieval Warm Period (Diaz & Trouet, 2014), there is
evidence that relatively short periods of negative phase between longer positive phases are likely
to bring more significant social effects than usual conditions that can be identified as the longterm trend. Such effects can also be observed in records from the height of the Little Ice Age,
especially the winters of 1784 and 1816. Both events resulted in ample historical records about
how residents in both Europe and North America dealt with “the Long Freeze-Up” and “the Year
Without a Summer” . Historically, the decade of 1450-1460 had indeed seen some of the more
violent episodes in the history of France, even including other areas of Western Europe (note that
the War of Roses commenced in 1455).
Such correspondence between climatic and societal shifts, however, is by no means
conclusive in demonstrating the “accuracy” of the social impact of climate variations during the
15th century, as illustrated by the CSII. However, the purpose of CSII is not to demonstrate
climate-social causation of any kind, but as an illustration of how the significance of various
climatic events has co-varied throughout space and time. Indeed, the general distribution of CSII
does exhibit better fit for actual climatic shifts than the previous EHPI and is in accordance with
other major climatic indices.
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Chapter 6
Discussion
The development of the Climate Social Impact Index involved both a qualitative
understanding of climate-society relationships on multiple scales, and quantitative modelbuilding that ultimately led to the basic form of the CSII. However, the CSII is not by itself an
entirely new index: it borrows heavily from the EHPI which the author of this thesis previously
developed. Generally speaking, the CSII is a direct improvement over EHPI, being contained
within one index and is highly case specific. Although CSII lacks the ability to process largescale climate events through the time span of multiple centuries, it is uniquely suited to exposing
major climate instabilities and highlighting the social significance of such instabilities. As seen
in

Figure 3, the Climate Social Impact Index filters out the “background noise” that can

sometimes distract the researcher from an essential insight into historical events, and which often
occurs when the researcher is analyzing “raw” climatic indices such as the original SPI.
In short, the Climate Social Impact Index is very task-oriented and is probably not fit for
analyzing long-term general climate trends and changes. CSII requires the input of multiple userspecified factors, even more than the NSPI that demands a user-supplied cyclical climatic index
as a factorial explanatory parameter (Li et al. 2015). The nature of CSII essentially requires that
its user have a clear picture of the task at hand and available data to deploy the CSII. These
characteristics of the CSII make it both a potential strength in terms of the focus on user-defined
task, and a shortcoming that limits the usability and availability of CSII. In reality, the amount of
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climatic and social-demographic datasets required to properly deploy the CSII may be sufficient
for deeper analysis even without introducing the CSII.
Notwithstanding, the Climatic Social Impact Index has a distinct advantage in its visual
representation and acquisition of insights. The previous example in the validation chapter above
demonstrates that the user may identify the most socially significant climate events with relative
ease. The user may then be guided towards deeper research into the time/space span highlighted
by CSII in terms of the climate-social inter-relationship.
At the same time, the validation example given in the previous chapter only demonstrated
the possibility to chart CSII against time. When mapped geographically for a given time slice,
CSII easily becomes a spatial variable that can be visualized and analyzed in geographical terms,
linked with geophysical features as well as spatial differentiations in social-demographic
conditions within the study area. Introduction of a spatial covariant in CSII distinguishes the
index from other variants of SPI, which are normally strictly one-dimensional indices (such as
the SPEI and NSPI). The user may indeed feel more freedom exploring geographical
differentiations of climatic conditions with the aid of CSII, and indeed hopefully researches
involving spatial visualization and analysis of CSII may be reported in the future.
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Chapter 7
Conclusion
This thesis demonstrates the utility of the CSII for showing the covariation of historical
climate and societal events at meso- time and space scales. It is also a proposal and invitation for
more research into task-specified, spatial-temporal social significance indices regarding climate
variations and anomalies. The fact that climate variations exact constant effects on socialdemographic processes, to this day, are still understudied by many climatologists and
geographers in general. Indeed, there is no definitive evidence on direct causation mechanisms
between climate conditions and societal conditions (except for environmental determinism,
which had been proved to be just as inconclusive and lacking direct evidence). However, one
must understand that it is not the long-term climatic conditions that have the most impact on
social conditions, but sudden and strong shifts in climatic norms, such as the Medieval Climatic
Anomaly, the Little Ice Age, and the sudden global cooling triggered by eruption of Kuwae
volcano. Moreover, such studies are not limited to paleo-climatology. A recent study by Hipp
and Chalise (2015) looked into the relationship between environmental attributes and countylevel diabetes in the United States. Similar researches include geographic distribution research
for chronic obstructive pulmonary diseases in countries such as Norway by Halvorsen &
Martinussen (2014). Although not strictly climatological researches, studies like this are starting
to shed light on the field of climate-social interactions, which still demands more attention from
across the disciplines. The fact that environmental determinism was largely abandoned did not
prove that climate and social conditions are indeed separate, only that it reminded the Academy
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that the complex mechanism linking climate and social conditions had yet to be fully
comprehended.
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