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Abstract

Drought is among the costliest and deadliest natural disasters. Understanding the global
changes in drought due to anthropogenic global warming is of environmental, economic, and
societal importance. This study uses downscaled global climate model output from the Coupled
Model Intercomparison Project (CMIP6) to project the Standardized Precipitation
Evapotranspiration Index (SPEI), a meteorological drought index, across the northeastern United
States. SPEI is computed for low and high emissions scenarios and calculated across 6-month
and 12-month timescales. We find that downscaled CMIP6 output demonstrates agreement with
historical observations across a range of climatic variables. Our findings reveal that when
compared to drought indices based solely on precipitation, SPEI more accurately portrays the
effects of global warming on drought patterns. SPEI projections demonstrate that under high
emissions scenarios, all severity categories of drought in the study area experience heightened
frequency and duration, both temporally and geographically, in contrast to low emissions
scenarios, especially in Eastern Pennsylvania and Upstate New York. Together, these results
affirm the need for serious and urgent action on climate change mitigation and establish a

scalable path to further studies.



1. Introduction and Background

Drought is a period of water shortage within an environmental or social system. The
impacts of such periods are highly variable: water scarcity is a common occurrence within
climatic variations and occurs in nearly all regions of the globe but, depending on frequency,
severity, and duration, can lead to severe climate events that impact ecological, socioeconomic,
and agricultural conditions. Large-scale droughts, referred to as megadroughts once they become
multidecadal, have long gripped the anthropological imagination due to their association with the
collapse of civilizations from the Ancestral Pueblo to the Khmer Empire (Cook et al., 2016). In
the more recent past, the 1930s American Prairie Dust Bowl, an environmental disaster that led
to wide-scale migration across the continent and reshaped the American population, was largely
driven by persistent drought from 1930-1936 (Long and Siu, 2018; Schubert et al., 2004). Today,
drought is the second most expensive natural disaster in the United States and has high human
costs—between 1980 and 2020 drought-related damages totaled $250 billion and killed nearly
3000 people (Ault, 2020; NOAA, 2020). Indeed, 18 of the 20 years between 2002 and 2022 saw
drought-related agricultural losses of over a billion dollars in the U.S., with an average loss of
$6.97 billion (Leeper et al., 2022).

The severity of these impacts largely depends on the timescales and regions affected by
drought. Prolonged water shortages can alter the availability of combustible fuel for forest fires,
impacting acreage burned, heat of combustion, and frequency of fires (Leeper et al., 2022).
About 40% of freshwater withdrawals in the U.S. are used to cool power plants, and thus
seemingly marginal decreases in water supply can stress electrical grids, leading to increased
power outages and decreased industrial productivity (Pacsi et al., 2013; Scorah et al., 2012).

Such climatic changes can also have serious impacts on human health. Water shortages can result



in substantial crop losses and increased dependence on stagnant water sources, and can trigger
secondary effects such as algal blooms, shifts in the distribution of disease-carrying vectors like
mosquitoes and ticks, and a heightened prevalence of mental health issues (Sugg et al., 2020). In
extreme cases, water shortages and famine can lead to increased human conflict and involuntary
migration (Sun et al., 2019). Because drought can occur on time scales ranging from weeks to
years, acute consequences can compound and increase in severity due to their interplay.

As such, projecting the future spatial extent and temporal frequency of drought is of
social, political, and economic interest. This is especially true in light of anthropogenic climate
change. Regional warming and drying under high emissions scenarios have been projected to
increase the incidence of megadrought across China and the Southeast U.S. (Ault et al., 2016;
Leng et al., 2015). In one representative study of East Africa, drought-prone areas were projected
to increase by up to 54% under Representative Concentration Pathway (RCP) 8.5 (Haile et al.,
2020). Globally, the proportion of land and human population experiencing extreme drought by
the end of the century could more than double, with more than two-thirds of global land
experiencing decreases in water storage (Pokhrel et al., 2021; Schwalm et al., 2017). Moreover,
heightened severity and prolonged duration of droughts have the potential to impact human
biogeography significantly. Since 2008, an average of 22.5 million people have been displaced
annually due to climate-related events (Bower et al., 2015). Climatic conditions unprecedented in
recent human history will likely exacerbate involuntary migration (Haile et al., 2020). But while
the critical importance of understanding future drought is clear, there is still no universally
accepted definition of what exactly constitutes a drought.

Definitions of drought are generally organized under four categories depending on the

impact under consideration: meteorological drought, agricultural drought, hydrological drought,



and socioeconomic drought. Myriad drought indices have been developed to characterize and
quantify the severity and duration of drought in each category—a comprehensive review by
Zargar et al. (2011), for example, enumerated more than 91 unique indices. Meteorological
drought usually describes the degree of dryness within a local weather system resulting from
some combination of precipitation deficiency and increased evaporation through changes in
temperature, wind, and radiation. Because other categories of drought regularly follow from arid
meteorological conditions, and because the number of variables required to calculate
meteorological water balances is substantially lower than that required for terrestrial water
storage or agricultural water availability, meteorological drought is an excellent basis for future
drought projection.

A milestone in the quantification of meteorological drought was the development of the
Palmer Drought Severity Index (PDSI). Initially conceived by Palmer in 1965, PDSI allows for
the characterization of both abnormally wet and dry periods by employing a primitive water
balance equation that includes precipitation, evaporation, and runoff (Alley, 1984; Palmer, 1965;
Wells et al., 2004). The index then employs weighing factors termed “duration factors” to adjust
for regional and seasonal differences. Though PDSI became the standard meteorological drought
index in the decades following its introduction and is still widely used today, it has several
distinct deficiencies (Vicente-Serrano et al., 2012). These include often generating a slightly
bimodal distribution with peaks outside of the categories considered “near normal,” not
sufficiently allowing for calculation at different time scales, and producing values classified as
“extreme” (> 4 or <—4) more than 15% of the time (Schrier et al., 2006; Wells et al., 2004).
Perhaps most significantly, the duration factors used in the computation were empirically derived

from limited data gathered from the American Great Plains. These factors led to poor



performance under different climatic regimes and unreliable comparisons between locations and
time periods (Sousa et al., 2011; Vicente-Serrano et al., 2010). In response to these criticisms, a
revised version of the PDSI was proposed by Wells (2004) called the self-calibrated PDSI
(scPDSI). This updated metric reduced the frequency of extreme events and adjusted the duration
factors to be calculated from local data (Sousa et al., 2011).

Nevertheless, the lack of computability across distinct time scales is a significant
disadvantage of PDSI-based metrics and led to the development of alternative indices. One
widely used index proposed by McKee et al. (1993) is the standard precipitation index (SPI). SPI
is calculated purely from precipitation records and can be adjusted across timescales to allow for
the modeling of water supplies from short-term soil moisture to long-term water table balances.
Computation involves the standardization of long precipitation time series (>30 months) using,
most commonly, gamma or Pearson type III distributions (W. Wang et al., 2021). However, a
criticism of this index is that it is essentially a fit of precipitation data (Vicente-Serrano et al.,
2012; Vicente-Serrano and Lopez-Moreno, 2005). SPI assumes that precipitation is the factor
with the most variability and there are no long-term trends in evaporative factors like radiation
and temperature. These assumptions are clearly not sufficient for projection under long-term
warming scenarios.

Correspondingly, Vicente-Serrano et al. (2010) developed the Standardized Precipitation
Evapotranspiration Index (SPEI). This index is calculated in much the same way as SPI but is
based on a water balance between precipitative input and evaporative loss rather than just
precipitation. This metric has been used in a diverse set of contexts and is robust at various

timescales (Feng and Su, 2019; Mallya et al., 2016; Vicente-Serrano et al., 2012; W. Wang et al.,



2021). These factors make SPEI an appropriate metric for projecting drought under future
climatic scenarios across a diverse range of locations.

This essay uses SPI and SPEI to project drought under high and low emissions scenarios
in a section of the American Northeast centered in Connecticut using a set of downscaled model
outputs from the Coupled Model Intercomparison Project Phase 6 (CMIP6). This downscaled
dataset allows for long-term assessment at a higher resolution than has been done in any previous
drought projections from CMIP6 output. In doing so, these results not only report on the future
state of water resources in the Eastern U.S. but also set a scalable and replicable path to future

studies of water abundance across wider geographic extents.



2. Materials and Methods
2.1 Study Area

The study area for this essay comprises a ~330 km X 500 km grid centered at 41.5° N,
72° W spanning between 43°0” - 40°0° N and 69°15° - 75°15° W (Figure 1). This region fully
contains Connecticut, Massachusetts, and Rhode Island, as well as parts of Vermont, New
Hampshire, New York, New Jersey, and Pennsylvania. This equates to an area covering ~1.6 X
10° km?* with an estimated population of ~38 million people (CIESIN, 2018). The topography is
fairly low and uniform across the study area. Climatic regimes are also fairly consistent across
the region as well, with 50-year historical Képpen climate types ranging from humid Subtropical
(Koppen Cfa) in the southern end to warm-summer humid continental (Koppen Dfb) in the North

(Kottek et al., 2006).
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Figure 1. The geographic extent of the study region is shown in context by the red bounding box.
Satellite imagery was sourced from Google Maps API (retrieved March 31, 2024).

2.2 Data and Models

The climate data used in this study are from the NASA Earth Exchange Global Daily
Downscaled Projections (NEX-GDDP). These are a set of downscaled daily climate scenarios
derived from CMIP6. The dataset provides output from 35 global climate models for eight
climatic variables across five Shared Socioeconomic Pathways (SSPs; Thrasher et al., 2022). The
SSPs are designed to represent a range of land use and emissions scenarios reflective of future
economic growth, governance, and climatic mitigation success (O’Neill et al., 2016; van Vuuren
et al., 2012). The scenarios are then used in the generation of Representative Concentration

Pathways (RCPs) based on the ensuing greenhouse gas emissions and radiative forcing ability.
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The NEX-GDDP dataset consists of CMIP6 output that has been statistically downscaled using
the bias correction/spatial disaggregation (BCSD) method, which enhances resolution and spatial
reliability (Thrasher et al., 2022). While this method proves robust in many scenarios, it operates
under the assumption of consistent climatic patterns over time and might underestimate extreme
climatic events in distant future periods (Jang and Kavvas, 2015; Wood et al., 2004; Zhang et al.,
2019). As such, additional projection should be done as alternatively downscaled outputs become
available. Nevertheless, the BCSD technique incorporates variable bias correction by comparing
regional observations from a relevant historical period through a quantile mapping approach, and
this inclusion aids in addressing some variability (Thrasher et al., 2022). This statistical
downscaling method allows for the CMIP6 output to be brought to a final resolution of 0.25°X
0.25° degrees (~27 km X 27 km) across all models, which is a higher resolution than that used in
previous CMIP6 drought projections.

For this study, six models were chosen based on their usage and reliability in past
hydrometeorological and drought-related studies (Table 1; Cook et al., 2020; T. Wang et al.,

2021).
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Table 1. Global Climate Models (GCMs) used in this study.

Model Institute Country References
BCC-CSM2-MR Beijing Climate Center China Wau et al. (2018)
CanESMS5 Canadian Centre for Climate Modelling and Analysis =~ Canada Swart et al. (2019)
GFDL-ESM4 National Oceanic and Atmospheric Administration USA Krasting et al. (2018)
GISS-E2-1-G Goddard Institute for Space Studies USA NASA (2018)

IPSL-CM6A-LR Institut Pierre-Simon Laplace Climate Modelling Centre ~ France Boucher et al. (2018)

MIROC6 Japan Agency for Marine-Earth Science and Technology  Japan  Tatebe and Watanabe (2018)

Precipitation, maximum temperature, minimum temperature, and downwelling radiation
were obtained for each model and used to calculate potential evapotranspiration and drought
metrics. The historical condition for each variable spanned 1979-2014. SSP1-2.6 (radiative
forcing 2.6 W/m?), in which warming is kept below 2°C by 2100 was included as the low
emissions scenario (T. Wang et al., 2021). SSP5-8.5 (radiative forcing 8.5 W/m?) represents a
‘worst case scenario’ in which greenhouse gas emissions continue unencumbered and warming
rises by ~4°C by 2100. Both future scenarios were projected for 2015-2100.

In addition to assessing the output from each model individually, all CMIP6 models were
assembled into an ensemble average to account for uncertainty in each individual model. In
general, multi-model ensembles have been shown to produce superior results to individual
models (Crawford et al., 2019; Ramesh and Goswami, 2014; Tebaldi and Knutti, 2007). The
ensemble average was calculated as the arithmetic mean of the six individual models calculated
for each grid point at each point in time. This method allows for the ensemble average data to be

used as input into further analyses in the same way as individual models. Though other
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techniques for the development of model ensembles, such as random forest and neural network
methods, are more accurate in several contexts, an arithmetic mean is sufficient for this study as
(1) arithmetic ensemble means have given satisfactory results in a variety of studies using
CMIP6 output for projection and historical state reconstruction (Masud et al., 2021; Mishra et al.,
2020; Ngoma et al., 2021), and (2) the variables that would benefit most from uncertainty
correction through model aggregation, such as precipitation, often show such high variability that
there is no marked increase with more complicated methods, while the variables modeled best by
GCMs, such as temperature, also do not, or need not, show substantial increases in accuracy
(Crawford et al., 2019).

Historical data for comparison and calibration was obtained from gridMET (Abatzoglou,
2013), downloaded using the ‘climateR’ package in R. This dataset contains high-resolution
(1/24™ degree) climatic data from 1979 to the present day. All climatic variables available from
NEX-GDDP are available from gridMET, as well as several derived variables, including
reference evapotranspiration computed using the Penman-Montieth equation. Importantly, this
allowed for the comparison and calibration of both primary and derived variables used in the

analysis here with the historical record.

2.3 Drought Analysis

Both SPI and SPEI were employed as drought indices for this study and were computed
using the ‘SPEI” package in R. SPI is the simpler of the two metrics and involves, in essence, a
standardized fit of precipitation data. Following McKee et al. (1993), first, a probability density
function is fitted over the precipitation dataset. An incomplete gamma probability density

function (as shown here) was used for this study
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peT(a)

9(z) = z* e (1)

where x > 0, a and 3 are the shape and scale parameters, respectively, x is the precipitation, and

[" is the gamma function. The probability distribution is then given by
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This formulation allows SPI to be simply calculated as

co+cit — 02t2
1+ dqt + dot? + dst3

t= ln( ! ) (4)
G(z)?

where x is precipitation, S is the positive or negative cumulative probability distribution

SPI =S

€)

with

coefficient reflecting the value of G(x), and ¢ 0 €1 €y d 2 d 2 d , are fitting constants. This

1
standardization transforms precipitation series to have an average at 0 with a standard deviation
of 1 and allows for assessment of both particularly wet and dry periods.

As mentioned above, SPI does not account well for long-term trends and short-term
variability non-precipitation variables because these elements are left out of its computation.
SPEI, owing to its integration of evapotranspiration, was thus included as the primary drought
index in this study. Its computation follows a similar trajectory to SPI but uses a water balance as

the primary time series rather than just precipitation. For any given month with precipitation Pl,

and potential evapotranspiration PE Tl_, the water balance is given by
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D; = P, — PET; (5)

PET was calculated here using the modified Hargreaves equation (Droogers and Allen, 2002).
This method develops on the original Hargreaves equation outlined in Hargreaves (1994) and
Hargreaves et al. (1985) by correcting for ET, each month by using precipitation as a proxy for

irradiation
ET, = 0.0013 - 0.408RA - (Tyy + 17.0) - (T'D — 0.0123P)*"° (6)

where P is precipitation in mm per month, RA is the extraterrestrial radiation in MJ m2 d™", Tavg

is the average daily temperature in °C, and TD is the temperature range between the daily
maximum and minimum temperatures in ‘C. The modified Hargreaves equation is in better
agreement with the Penman-Monteith equation, which is the current standard for estimating PET
but has substantially higher data input requirements (Droogers and Allen, 2002).

Once PET is computed, water balances can be estimated through the
precipitation-evaporation difference and summed across different time scales. A three-parameter
log-logistic model was selected to standardize the water balance time series, as was done

originally by Vicente-Serrano et al. (2010), with probability density function

@ = (22

(7)

«

(z —v)ﬁ]_2

in which a, B, and vy are the scale, shape, and origin parameters, respectively and D values are in
the range (y > D < ). The probability distribution is then given by

1

1 \°|
()]

F(z) =

15



With this distribution, SPEI is computed as

cy + a W + C2W2

SPEI = W —
1+ W + daW2 + dgW? ©)

with

W = /—2In(P) (10)

where P is the probability of exceeding a calculated value of D givenby P = 1 — F(x). €y €
c,, d » d 2 d 5 are all constants derived from the distribution above. For this study, unbiased

probability-weighted moments were selected as the method for parameter fitting. Because this
formulation standardizes the mean and standard deviation, SPEI can be compared across space
and time while also accounting for long-term evaporative trends (Vicente-Serrano et al., 2010).
As with SPI, water balances are transformed to have an average of 0 with a standard deviation of
1, in which negative and positive values signify a water deficit and abundance, respectively.
Each index was calculated at 1-month, 6-month, and 12-month intervals to assess drought
at different time scales. Because both SPI and SPEI follow a similar standardization procedure,
the indices are comparable. The severity of drought under both indices (Table 2) was classified

using thresholds suggested by the WMO (2012) and Zeng et al. (2022).
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Table 2. Drought classification thresholds used in this study, based on suggestions by the WMO (2012).

Drought Severity Classification Threshold
No drought SPI/SPEI > -1
Moderate — 1.5 <SPI/SPEI <-1
Severe — 2 < SPI/SPEI <- 1.5
Extreme SPI/SPEI <— 2

For further analysis, 6-month and 12-month time intervals were chosen as these periods
highlight the catastrophic effects of drought better than short-term analyses and have been used
in similar previous studies (Haile et al., 2020; Touma et al., 2015; T. Wang et al., 2021). The
selection of these two timescales also speaks to two differing impacts of drought. SPEI-6 has
been shown to correlate with root zone soil moisture, and thereby is more pertinent to
agricultural considerations, while SPEI-12 has been found to better reflect water-table and
groundwater levels (Kumar et al., 2016; Leelaruban et al., 2017; Pyarali et al., 2022; Secci et al.,
2021). Drought measured by these indices was classified using run theory, a probabilistic method
for classifying drought characteristics under a given threshold (Mesbahzadeh et al., 2020;
Yevjevich, 1967). Attributes measured through this method include duration, which is the length
of time SPEI/SPI values are under a threshold, and frequency, defined as the number of drought

events in a period.

17



3. Results
3.1 Historical Comparison and Validation

To assess the validity of the NEX-GDDP output, historical model output was compared
with observed data from the gridMET database. Historical time-series gridded data was
aggregated and scaled to allow comparison with the model output. Though all models were
compared with the historical time series, the ensemble mean was used as it showed the highest
overall geographical accuracy between variables. Figure 2 shows the agreement between model
output and historical observation for precipitation, maximum temperature, and potential
evapotranspiration. Precipitation showed the least agreement as correlations were low and
largely insignificant, while the standard deviation was high across the study site (Appendix 1).
This was not unexpected as precipitation is often the hardest variable for GCMs to model and
usually shows significant inter- and intra-model variability (Crawford et al., 2019). In contrast,
temperature exhibited a high level of agreement with observations. Interestingly, the geographic
distribution of this agreement varied among variables. Precipitation demonstrated the strongest
alignment with observations on the inland, eastern edge of the study site, whereas temperature
and PET exhibited greater conformity in the coastal regions. This observation may speak to the
divergent effects of coastal mediation on climatic variables. For example, the high heat capacity
of water partially moderates air temperatures, leading to less temporal variability and

pronounced extremes while high coastal humidity might complicate precipitation calculations.
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Figure 2. Geographic distribution and historical observation agreement for key variables. Precipitation,
maximum temperature, and potential evapotranspiration (PET) are shown in the first, second, and third
rows, respectively. The correlation coefficient, significance level, and standard deviation between
historical observations and the model output are shown in the first, second, and third columns,
respectively.

Due to the relatively high variability in precipitation, bias correction was considered on
top of that already performed on the NEX-GDDP dataset using BCSD. To do so, the ISI-MIP
approach outlined in Hempel et al. (2013) was employed using an R script developed by
Vicedo-Cabrera et al. (2019). This approach was used on the ensemble mean output.
Bias-corrected output was then compared with uncorrected model output to assess the
improvement (Figure 3). The standard deviation in radiation and precipitation model output was
lower than that observed, and though the additional calibration step brought deviation into better

agreement, there was little effect on correlation. Though precipitation’s correlation was relatively
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poor here, this finding, as previously mentioned, is not uncommon for GCM output (Crawford et
al., 2019). Importantly, the magnitude of model output and historical observation were in close
agreement, with similar mean values over time (Appendix 1). Finally, bias correction was not
utilized for temperature as there appeared to be a tradeoff between decreased correlation and
increased standard deviation following the ISI-MIP step. Given the relatively insignificant
benefits accorded by the additional bias correction step, the original NEX-GDDP output was in

the subsequent analyses.

Downwelling Longwave Radiation Minimum Temperature

01 o2

0.3

0.95

0.99

[ 2 4 6 8 10 [ 5 10
Standard deviation Standard deviation

Maximum temperature Precipitation

° - T T T o

T T T T 1
0 5 10 15 0 2 4 6 8 10
Standard deviation Standard deviation

| GFDL_ESM4 IPSL-CMBA-LR esss BCC-CSM2-MR MIROC6 @ GISS-E2-1-G em=» CanESM5 Model average Calibrated |

Figure 3. Taylor diagrams showing the agreement between individual models, the model average, and
bias-corrected output with historical observations for key variables. Historical observations are marked by
the hollow point along the horizontal axis. The standard deviation of output is shown on both the
horizontal and vertical axes. The correlation between model output and observation is shown by the
location along the major arc. The contours emanating from the point signifying historical observation
signify the root-mean-square error (RMSE).
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3.2 Long-term SPI and SPEI Record

SPI and SPEI were projected for the years 2015-2100 for SSP1-2.6 and SSP5-8.5 at 1, 6,
and 12-month timescales. The sensitivity of the timescale under analysis for trends of a given
duration was clearly visible (Figure 4). SPEI calculated at one-month intervals (SPEI-1), the
finest resolution projected here, showed relatively little signal over time, while longer-term
trends were clearer at the SPEI-6 and SPEI-12 timescales. Considerable variation between
models was evident for the metrics across time points, though this variation was generally related
to the magnitude of changes rather than their direction. For further analysis, the 6-month and
12-month timescales were chosen because they better reflect the longer-term consequences of
drought this study aims to consider.

SSP1-2.6 SSP5-8.5

2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year

T T T
2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year

2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
Year Year

Figure 4. Projections of SPEI at 1, 6, and 12-month time scales. The range of individual model outputs is
shown by the shaded region in each figure, and the ensemble average is signified by the darker, single
line.
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SPI and SPEI showed better agreement under the SSP1-2.6 scenario than the SSP5-8.5
scenario (Figure 5). Under the low emissions SSP1-2.6 scenario, both metrics were strongly
associated throughout the study period with only slight disagreement from ~2015-2025,
signifying that precipitation is playing the dominant role in drought assessment under this
scenario. Under the high emissions SSP5-8.5 scenario, the metrics diverged through the earliest
and latest periods. SPEI demonstrated lower values (indicating less water in the system) than SPI
at the latter end of the period for both the 6-month and 12-month resolutions. This is most likely
the result of PET’s inclusion in SPEI’s water balance, reflecting the increased evaporative effect
expected under warmer climate conditions. This difference affirms SPEI’s use as the metric of
choice in this study as the effect of warming on long-term drying trends would not otherwise be
seen if solely precipitation-based indices were used and encourages its usage in future studies. It
should also be noted that SPI has lower values than SPEI across the earlier half of the study
period for both time scales and emissions scenarios, with a more pronounced effect under

SSP5-8.5, which is somewhat unexpected given the evaporative loss included in SPEL.
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Figure 5. Comparison of SPI and SPEI at 6-month and 12-month timescales for SSP1-2.6 and SSP5-8.5
emissions scenarios. SPEI is shown by the dark orange line and SPI by the yellow line in each. The
broken lines mark values at 0, 1, and -1, with the latter being the threshold for moderate drought severity.

3.3 Drought Frequency and Magnitude Increase Over Time

To better assess how drought indices evolve, the severity of their magnitudes was
grouped into three categories: moderate (-1.5 < SPEI < -1), severe (-2 < SPEI < -1.5), and
extreme (SPEI < -2). Figure 6a shows the number of months during which drought was present
for at least three months in each category between 2015-2057 and 2058-2100 for SPEI-6 and
SPEI-12. Both timescales showed nearly identical trends. SSP1-2.6 demonstrated a higher

incidence of moderate drought from 2015-2057 than did SSP5-8.5. Significant increases in all

severity categories were seen in the high-emissions scenario across the century, with especially
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large increases in severe and extreme drought at both timescales. The only decrease between the
two intervals was for extreme drought under the SSP1-2.6 scenario, but this effect was moderate.
Results were generally similar for the average drought durations (Figure 6b). Few
significant changes in either direction were observed under the low emissions scenario. Notably,
SPEI-6 severe drought decreased between periods while SPEI-12 drought increased. Significant
increases in drought duration were observed for all three categories under the SSP5-8.5 scenario,
especially increases in extreme drought. The magnitude of durations shown by the earlier period
of the low emissions scenario in Figure 6b match those of the historical record quite well. The
frequency, however, could not be compared with the observational record as the gridMET data
series starts in 1979 and therefore does not provide a comparable 42-year span. Overall, these
results indicate that the effects of increased evaporation during warming periods are not only
significant but also exhibit diverse temporal patterns. The consistent trends in drought across

different timescales suggest various impacts on water balance dynamics.
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Figure 6. Characteristics of drought for given emissions scenario and time period. The time period is
noted below. (a) Drought frequency, calculated as the number of drought events within a given period, is
shown for each severity category. (b) The average drought duration across the drought events, with mean
error bars. Category thresholds were determined using the ranges suggested by the WMO (2012). For
each category, results from emissions scenarios are split into a 2015-2057 period and a 2058-2100 period.
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3.4 Geographic Spread of Drought

Mapping the SPEI shows the geographical variation in drought impacts. Figure 7
segments the total number of months of drought (of duration longer than three months) by
emissions scenario, time period, and SPEI resolution. The range of the most drought-prone
regions differs significantly between scenario, time, and metric. As is shown in Figure 6, the
spatial extent and mean duration of drought are longer during the 2015-2057 period under
SSP1-2.6. Regions such as southern Connecticut and Long Island show nearly twice the
incidence of drought under this emissions scenario over the earlier time period. Overall,
geographic patterns of drought are roughly congruent between the 6-month and 12-month time
intervals, with drought spanning the Northwest-Southeast diagonal for SSP1-2.6 and

Southern/coastal regions for SSP5-8.5.
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Figure 7. The geographic distribution of drought frequency calculated using SPEI-6 and SPEI-12. The
left column displays projections from 2015-2057 and the right from 2058-2100. For each figure, a legend
with a color scale is displayed to the right.

Under all measures, drought was more frequent and spanned a wider geographic range
under SSP5-8.5. Every grid cell experienced a consistent increase in the number of months
experiencing drought conditions across the century. This involves a nearly fourfold increase in
frequency in the most drought-prone regions. No regions under this scenario saw decreased
drought frequency. SSP1-2.6, conversely, has some sectors in which drought incidence
decreases, though many areas stay roughly similar throughout the century. The geographic reach

of SPEI-6 drought increased between the periods under SSP1-2.6, with 89.6% of grid cells

27



experiencing more months of drought in the latter half of the century. All grid cells under
SSP1-2.6 experienced increases in drought under SPEI-12, suggesting late-term drought might
accumulate over longer time scales under a low emissions scenario. As is also shown in Figures
6 and 7, drought severity shows trends identical to that of drought frequency. The regions that
see the largest rise tend to be on the eastern end of the study area, possibly due to less coastal
climate mediation. The one exception to this trend appears to be the SPEI-6 measure under
SSP5-8.5, in which drought incidence moves to the Northeast corner of the study area.

It is especially interesting to compare the distribution and frequency of drought between
emissions scenarios in the early period. SSP1-2.6, somewhat surprisingly, shows a higher
incidence of drought across a larger area than SSP5-8.5. The increase in drought in the high
emissions scenario throughout the century, however, is substantially larger. These results suggest
that the benefits of emissions reductions within the study area might not be seen in the first half
of the century, but that these benefits could be substantial in the longer term. These findings also
point to the complex impacts of warming on the climate system seen here. The high emissions
scenario, following the SPEI results here, will likely increase precipitation in the near future over
a low emissions context, before shifting to a substantially greater water deficit. It is hard to
unpack how much of this shift is driven by diminished precipitation as opposed to increased
evaporation—though if the relatively unchanged SPI values (Figure 5) at the end of the century
are a guide, it is most likely the latter. In either case, the high emissions scenario has the
possibility of a drought whiplash, in which a relative water surplus in the near term greatly

decreases towards the end of the century.
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4. Discussion

CMIP6 output downscaled and bias-corrected under NEX-GDDP was shown to have
good agreement with historical observations. In terms of measured variables, the modeled
temperature performance was very high. Precipitation, though reflecting the magnitude of
rainfall well, diverged in its correlation and agreement with historical patterns. Derived variables
such as potential evapotranspiration showed very high agreement. These findings are similar to
those of past studies aimed at assessing variable agreement from GCM model output (Crawford
etal., 2019; John et al., 2022). Further, the basic bias correction provided in the NEX-GDDP
dataset demonstrates adequate improvements for long-term projection studies. Additional bias
correction methods, such as the ISI-MIP method, do not provide significant improvements over
that included in the NEX-GDDP dataset.

We found that long-term changes were better reflected in drought indices across longer
temporal resolutions (6-month and 12-month) than shorter (1-month), suggesting that future
drought might accumulate at deeper water levels. As SPI and SPEI showed better agreement
across SSP1-2.6, the low emissions scenario, precipitation may be a dominant driver of water
balance levels if radiative forcing is kept low. Under SSP5-8.5, the high emissions scenario,
SPEI values negatively diverged from SPI in the second half of the century, especially for
SPEI-12. Thus, there appears to be a possible shift in the relative importance of evaporation over
precipitation for determining water balances as emissions increase. Interestingly, SPEI values are
more positive than SPI in the first half of the century. This was surprising given that one would
expect the inclusion of evaporation into the index computation to have an overall lowering effect.

Further work should be done to unpack whether this effect is indicative of the statistical approach
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used in each metric’s calculation or if these differences are reflective of actual meteorological
mechanisms.

These results also lead to the unexpected finding that some regions in the study area
could experience a marginally higher frequency of moderate and extreme drought in the near
future under the low emissions scenario than in the late-term. This contrasts with the high
emissions scenario in which all regions experience increases in the frequency of all drought
categories. Since the values between time points are quite similar, it's feasible that this trend
happened by chance. However, this seems unlikely given the similar pattern produced in the
output from individual models, all of which were run independently (Appendix 2). It also seems
unlikely that changes in precipitation produce this finding. Overall mean rates and the frequency
of extreme precipitation events do not change significantly from the early period to the late
period of study under SSP1-2.6, nor does precipitation output differ substantially between
emissions scenarios (Appendix 3). Most likely, this finding is driven by moderately higher daily
minimum temperatures in the early half of the period under SSP1-2.6 (Appendix 3). Though
temperatures under SSP5-8.5 greatly exceed the low emissions scenario by the end of the
century, somewhat higher minimum temperatures could lead to higher near-term evaporation
rates.

Together, these results suggest that the full benefits of climate change mitigation might
not be seen until the latter half of the century. The impacts of such mitigation, however, appear
significant. The frequency and duration of moderate, severe, and extreme droughts increase
decidedly through the 21* century under SSP5-8.5. The arrival of extreme droughts under both
SPEI-6 and SPEI-12 is especially worrisome, given the prior lack of such events and the double

temporal scales at which the effects of drought accumulate. Further, these events increase in
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frequency across all grid cells in the modeled study area under a high emissions scenario,
especially those on the eastern end. Under low emissions, the frequency of all flood events
increases across >70% of grid cells, with the exception of extreme droughts for SPEI-6 which
experience a moderate decrease in 51% of grid cells. The range of these impacts is notable in its
span, and cause for direct consideration.

Thus far, no other studies have performed high resolution SPEI projections using CMIP6
output for this region. Wang et al. (2021) and Zeng et al. (2022) performed global SPEI
projections using CMIP6 output, albeit at much courser resolutions (2.5°% 2.5 and 1° X 1°,
respectively). These studies found that the study area here would experience small-to-negligible
increases in drought frequency and duration. This disagreement was possibly due to the
resolution discrepancy between these studies and the work presented here since local water
balances might exhibit somewhat substantial changes when downscaled. There is also the
possibility, however, that some of these findings are an artifact of the BCSD method used for
downscaling and bias correction. As such, further projections should be performed as

alternatively downscaled CMIP6 data becomes available.
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5. Conclusion

This study has developed long-term projections of drought from CMIP6 output at a
higher resolution (0.25°% 0.25%) than has been done in prior research. Further, the SPEI
projections here are the first for this region using CMIP6 output. Through this work, we have
developed an approach to drought projection from the downscaled NEX-GDDP dataset. The
same methods used here can be utilized in future studies with much wider geographic ranges,
such as projections across the continental U.S. or the globe. Further, the improved resolution of
this study allows for new insights into how SPI/SPEI differ across geographic ranges and
provides additional utility for fields that require higher resolutions, such as Public Health and
agricultural management. This work also serves as additional verification of CMIP6 output, as
well as emphasizes the contributions of NEX-GDDP to climate modeling applications.

Our findings affirm the need for rapid climate change mitigation. Under a high emissions
scenario, we found the frequency, severity, and duration of all categories of drought to increase
across the entire study region, likely due to heightened evapotranspiration. These increases were
significantly greater in magnitude and duration than those experienced under a comparable
low-emissions scenario. Further, drought projections across SPEI calculated at 6-month and
12-month timescales showed substantial agreement, suggesting that drought impacts will be
multifarious. The benefits from the climate mitigation scenario, however, were largely not seen
until the latter half of the century (2058-2100). Accordingly, urgent actions must be taken on
emissions reduction to avoid substantial adverse impacts of anthropogenic climate in the latter

half of the century.
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Appendix
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Appendix 1. Monthly precipitation values are shown for historical observations (blue line), individual
models, and the ensemble average (black line). Singular values are shown by the individual colored points
and a 12-month averaged line shown in the same respective color is shown for each model.
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Appendix 2. Projections of drought frequency by severity category for each model considered in this

study.
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Appendix 3. Long-term projections of maximum and minimum temperature, precipitation, longwave

radiation, and potential evapotranspiration. SSP1-2.6 and SSP5-8.5 are shown by the orange and maroon
points and lines, respectively.
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