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Future freshwater stress for island populations

Kristopher B. Karnauskas"?*, Jeffrey P. Donnelly® and Kevin J. Anchukaitis*

Global climate models project large changes in the terrestrial
water balance for many regions over this century in response
to greenhouse gas emission®, but insufficient resolution
precludes such knowledge for approximately 18 million people
living on small islands scattered across the world ocean. By
accounting for evaporative demand a posteriori at 80 island
groups distributed among Earth's major ocean basins, we
reveal a robust yet spatially variable tendency towards increas-
ing aridity at over 73% of island groups (16 million people)
by mid-century. Although about half of the island groups
are projected to experience increased rainfall—predominantly
in the deep tropics—projected changes in evaporation are
more uniform, shifting the global distribution of changes in
island freshwater balance towards greater aridity. In many
cases, the magnitude of projected drying is comparable to the
amplitude of the estimated observed interannual variability,
with important consequences for extreme events as well as
mean climate. Future freshwater stress, including geographic
and seasonal variability, has important implications for climate
change adaptation scenarios for vulnerable human populations
living on islands across the world ocean.

Within the expanse of the global ocean live tens of millions
of people on thousands of islands much smaller than the grid
resolution of current-generation global climate models (GCMs).
The UN estimated the total population of Small Island Developing
States to be 64 million in 2010, expecting to rise to 80 million
by 2100. Island nations contribute a negligible quantity to
global anthropogenic forcing relative to their population and
vulnerability’®'?, but computational limitations preclude their
representation in GCMs and exacerbate this social inequality™'.
Freshwater stress resulting from anthropogenic climate change
may compound other water-related issues faced by geographically
small island nations, such as population growth'" and inundation
due to sea-level rise’®. Thus, a comprehensive assessment of
the likely future changes in the freshwater balance, including
their uncertainty, is critical for adaptation planning and
freshwater management'’.

The sub-grid-scale islands and atolls of the world can be grouped
into 80 politically or geographically distinct island groups, which
include many independent, sovereign nations as well as territories of
larger countries that are otherwise represented in GCMs (Table 1).
The median size of an atmosphere/land grid cell in the Coupled
Model Intercomparison Project Phase 5 (CMIP5)"® is 2.5° longitude
by 1.9° latitude (or 240 km by 210 km at 30° N), which is three times
the combined land area of the Hawaiian Islands. High-resolution
regional downscaling projects (for example, CORDEX; ref. 19)
resolve down to 0.44° , which is sufficient to fit ~5 grid cells into
Hawaii (Big Island). Islands in such groups as French Polynesia, the
Marshall Islands, and the Lesser Antilles—home to some of the most

water vulnerable societies on the planet®**—simply do not exist in
today’s GCMs.

A comprehensive assessment of freshwater resource availability
demands perspective beyond rainfall projections. To account for the
influence of surface processes, the difference between precipitation
and evaporation (P — E) is often used to characterize the surface
freshwater balance!, or the ratio of precipitation to potential
evapotranspiration (P/PE) as a measure of aridity”. However,
GCM-derived evaporation from the ocean surface cannot be
substituted for terrestrial potential evapotranspiration (PE) as it
is dominated by a different mix of physical processes and can
be an order of magnitude larger than over land. Therefore, the
only component of the freshwater balance diagnosed by GCMs
for sub-grid-scale islands is precipitation. Given the well-known
influence of surface air temperature and other parameters on PE,
and projected increases in surface air temperature for the 80 islands
and island groups catalogued here ranging between 1.8 +0.5°C
and 3.7 £ 0.8 °C by 2090 under RCP8.5 forcing (multi-model mean
£ 1 s.d. of the inter-model spread, for the two island groups
among those catalogued here with the minimum and maximum
multi-model mean projected warming), GCM experiments and the
Intergovernmental Panel on Climate Change (IPCC) Assessment
Reports that draw from them leave ~18 million of the most
vulnerable global population with incomplete projections of future
stress on freshwater resources.

The barrier to evaluating future changes in freshwater availability
on sub-grid-scale islands is that evaporation (or PE) is not
specified for them in GCMs. However, it is possible to estimate
terrestrial PE on an island that is missing from these models by
assuming the near-surface climate on such an island is similar
to that of the surrounding area (order ~100km scale). Then,
PE can be calculated using an appropriate method based on
near-surface climatic variables, supplying those inputs from the
GCM experiments at the geographic locations where islands ought
to be. One can imagine the suitability of this approximation
varying from island to island—and with distance from shore—
according to such physical characteristics as area or elevation,
ranging from low-lying coral atolls such as the Maldives to the
interior of volcanic islands such as Fiji. Prominent orography
creates complex rainfall patterns and microclimates around islands
through interaction with the trade winds, but the overall supply
of moisture for precipitation and average regional temperatures
driving evaporation are fundamentally linked to the large-scale
circulation and energy balance, which are valid with or without
an island. The observations provided in Supplementary Figs 1
and 2 explicitly demonstrate the validity of this approximation
at two distinct island settings—Kwajalein Atoll and the Hawaiian
Islands. Despite mean offsets among the various Hawaiian Islands of
~1 °C relative to an offshore mooring, the seasonal and interannual
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Table 1| Islands considered in this study.

Ocean (and islands) Lat. Lon. Pop. (k) Ocean (and islands) Lat. Lon. Pop. (k)
Pacific Ocean Pacific Ocean (cont'd)
Ryukyu Islands 26° N 128° E 1,550 Coral Sea Islands 16° S 150° E <1
Hawaii 21°N 158° W 1,420 Cocos Island 6° N 87° W <1
Fiji 18° S 179° E 858 Clipperton Island 10° N 109° W <1
Solomon Islands 9°S 160° E 523 San Felix 26° S 80° W <1
French Polynesia US Minor Outlying Islands
Society Islands 17° S 151° W 235 Midway Atoll 28° N 177° W <1
Tuamotus 17° S 143° W 18 Wake Atoll 19° N 167° E <1
Marquesas Islands 9° S 140° W 9 Johnston Atoll 17° N 170° W <1
Austral Islands 24° S 149° W 7 Palmyra Atoll 6° N 162° W <1
Gambier Islands 22°S 136° W 2 Howland/Baker 0°N 176° W <1
New Caledonia 21° S 165° E 269 Jarvis Island 0°N 160° W <1
Vanuatu 18°S 168° E 267 6,102
Samoa 14°'S 172° W 179
Guam 13° N 145° E 159 Atlantic Ocean
Fed. Micronesia 7° N 152° E 106 Lesser Antilles 15° N 61° W 3,736
Tonga 21° S 175° W 103 Canary Islands 28° N 17° W 2,118
Republic of Kiribati Cape Verde 15° N 24° W 512
Gilbert Islands 0°N 174° E 93 Bahamas 25° N 77° W 319
Teraina/Tabuaeran/Kiritimati 3°N 158° W 9 Madeira 33°N 17° W 268
Banaba 1°S 170° E <1 Azores 38° N 26° W 246
Phoenix Islands 3°S 172° W <1 Sao Tomé & Principe 0°N 7°E 187
Starbuck/Malden 5°S 155° W <1 Bermuda 32°N 65° W 64
Vostok/Caroline/Flint 10° S 151° W <1 St Helena, Ascension & Tristan da Cunha
Marshall Islands 8°N 168° E 68 Saint Helena 16° S 6° W 4
American Samoa 14° S 171° W 56 Ascension Island 8°S 14° W <1
N. Mariana Islands 17° N 146° E 54 Tristan da Cunha 37°S 12° W <1
Galapagos 0°N 91° W 27 Fernando de Noronha 4°S 32°W 3
Palau 7°N 134° E 21 Trindade Island 21° S 29° W <1
Cook Islands 7,457
Southern Cook Islands 21° S 160° W 13
Northern Cook Islands 1n° s 161° W 7 Indian Ocean
Wallis and Futuna 13°S 176° W 16 Mauritius 20°S 58° E 1,261
Tuvalu 9° S 179° E n Reunion 21° S 56° E 841
Nauru 1°S 167° E 9 Comoros 12°°S 43° E 798
Easter Island 27°S 109° W 6 Andaman & Nicobar 12° N 93° E 381
Ogasawara/Kazan Islands 26° N 142° E 3 Maldives 4° N 73°E 341
Norfolk Island 29°S 168° E 2 Mayotte 13° S 45° E 213
Niue 19°S 170° W 2 Seychelles 5°S 55°E 90
Tokelau 9°S 172° W <1 Lakshadweep 1°N 73°E 64
J. Fernandez Islands 34° S 79° W <1 Minicoy 8°N 73°E 9
Chatham Islands 44° S 176° W <1 Chagos Islands 7°S 72°E 4
Lord Howe Island 32°S 159° E <1 Christmas Island 1°s 106° E 2
Pitcairn Islands 25° S 130° W <1 Amsterdam/St Paul 38°S 78°E <1
Socorro Island 19° N e w <1 Cocos Islands 12°S 97° E <1
Guadalupe Island 29° N ng°e w <1 4,004
Raoul/Macauley/Cheeseman 30°S 178° W <1
Minami-Tori-Shima 24° N 154° E <1 Total population (thousands) 17,563

Latitude, longitude and population (thousands) of the 80 island groups considered in this study, sorted by basin and population. Here, for convenience, ‘island groups' refer both to individual islands
(either independent or part of a larger continental nation) as well as polities composed of many individual islands. The general criteria for inclusion is that it is small enough to be completely unresolved
by the majority of GCMs (ruling out, for example, Madagascar and Cuba), yet far enough from a major (well resolved) continent that the continent itself cannot be a reliable proxy for the island (ruling
out, for example, Nantucket and the ‘ABC’ islands of Aruba, Curacao and Bonaire—officially part of the Lesser Antilles), and between 50° S and 50° N. Independent, sovereign nations (and the US
Minor Outlying Islands) that have been separated into multiple island groups owing to significant distances (thus possibly differing climate projections) are indented beneath the name of the nation to
which they belong.

variability of on-island air temperature is remarkably well correlated ~ the atoll is virtually indistinguishable from that measured by a
with the mooring (160 km away). Similarly, at Kwajalein, despite mooring 310 km offshore. The extent to which the near-surface
differences in the amplitude of the diurnal cycle, the day-to-day climate is modified by the presence of a partially resolved island (Viti
variability in air temperature, humidity, and even wind speed across  Levu, Fiji) in one GCM* is demonstrated in Supplementary Fig. 3.
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Figure 1| Future aridity changes. a-d, Aridity change index (ACI) for 2050 (a,b) and 2090 (c,d) expressed as histograms (a,c) and bubble maps (b,d). The
total number of people (in millions) in each bin is indicated at the top of each histogram. High-resolution coastline data are from the Global Self-consistent,
Hierarchical, High-resolution Geography (GSHHG) database version 2.2.3%C. In this figure, and all bubble maps, the area of each bubble is linearly
proportional to the population represented. A minimum bubble size equivalent to a population of 50,000 people is enforced to ensure visibility.

The influence of the island on the simulated near-surface air
temperature (7,) and humidity (g,) climatology is negligible,
whereas there is a discernible signature in surface downwelling
shortwave radiation (R,) and precipitation (P); on average, the
model island is slightly rainier than its immediate surroundings.
In terms of the response of the local climate to radiative forcing,
however, the influence of the island is clearly distinguishable only
in AT,, where there is a modest (<0.1°C) additional warming on
top of the ~3°C warming for the surrounding area. The latter is
consistent with the fact that land surfaces typically warm faster
than the ocean mixed layer in response to surface forcing, implying
that the aforementioned approximation may lead to conservative
estimates of increased PE if land surfaces indeed warm faster, but
will ignore changes in orographic precipitation due to changes in
trade wind strength or direction.

Among the methods to calculate PE, the Penman-Monteith
method”? is now widely used for studies of transient climate
change®, as it is physically based and does not overestimate the
response of PE to temperature change, in contrast to others that
are empirically calibrated to the present climate*®. The UN Food
and Agricultural Organization (FAO) Penman-Monteith method,
originally developed for a well-watered reference crop surface,
requires near-surface T,, ¢q,, wind speed (u,), and surface air
pressure (p;), as well as surface net radiation (R,) and heat flux into
the ground (G). Focusing exclusively on continental regions, several
previous assessments of Penman-Monteith PE based on GCM
simulations have exploited the equivalence of the radiative term
(R, — G) with the sum of latent (LH) and sensible (SH) heat fluxes,
which are standard GCM outputs’. Because sub-grid-scale island
surfaces in GCMs, by definition, behave as the open ocean, and
LH and SH in this context are indeed strictly terrestrial in nature,
here we explicitly compute R, and G according to the recommended
practice of the American Society of Civil Engineers®, which relies
only on near-surface climate parameters, thus eliminating the
requirement that a land surface actually be present in the GCM. See
Methods for more details on the Penman-Monteith method and its
implementation in this study.

An aridity change index (ACI) is computed for each island group
listed in Table 1, and for each CMIP5 GCM listed in Supplementary
Table 1. Here we define ACI as the ratio of the fractional change
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in potential evaporation to the fractional change in precipitation:
ACI = (PEg/PEy)/(Pg/Py), where subscript F indicates future, and
subscript H indicates historical. Here, future is defined as the mean
climate over the period 2041-2059 (2050’) or 2081-2099 (2090°)
in the Representative Concentration Pathway 8.5 (RCP8.5) scenario
of the IPCC Fifth Assessment Report (AR5), whereas the historical
period is defined as 1981-1999 in the corresponding historical
experiments.

The resulting ACI projections for the world’s sub-grid-scale
islands in 2050 and 2090 are shown in Fig. 1. There is substantial
geographic variability in ACI both at the middle and end of
the twenty-first century, including increasingly wet conditions
(ACI < 1) in the Maldives and islands along the equatorial Pacific
such as the Gilberts (Republic of Kiribati). At least one island
group in each ocean basin also shows no projected aridity change
(ACI ~ 1), either through compensating changes in P and PE, or no
change in either. For the majority of island groups, however, there
is a robust tendency towards increasing aridity; 73% of the island
groups considered here are projected to exhibit drying conditions
(ACI > 1) by 2050, with the mean and spread clearly shifting
further towards aridification by 2090. In terms of population,
16.0 (15.2) million people, or 91% (86%) of the total population
considered, are projected to experience increased aridity by 2050
(2090). Among the island groups with the most severe projected
increases in aridity in 2090 are the Juan Fernandez ‘Robinson
Cruso€’ Islands, Chile (ACI = 1.6), Easter Island, Chile (ACI = 1.4),
the Lesser Antilles (ACI = 1.4), the Tuamotus, French Polynesia
(ACI = 1.3), and the Azores (ACI = 1.2). The basin-scale patterns,
particularly the higher ACI in the subtropics and increasingly
towards the eastern boundaries, are qualitatively consistent with
recently identified robust responses of the atmospheric general
circulation and hydrologic cycle to radiative forcing>***=2. Although
the Greater Antilles (for example, Cuba and Hispaniola) are not
included in our study, because they are large enough to be resolved
by many of today’s GCMs, they are home to nearly 40 million people,
and recent studies analysing future hydroclimate changes on well-
resolved landmasses project that the Greater Antilles will experience
drying similar to that shown here for the Lesser Antilles*’.

ACI projections are also fairly robust across the 22 GCMs
analysed, with inter-model standard deviations in the range
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Figure 2 | Internal variability of aridity. Estimated observed magnitude of a
local 1o positive (dry) ACl event, defined as 1+ the local temporal standard
deviation of ACI (annually smoothed). Precipitation data are from the
Global Precipitation Climatology Project (GPCP) v2.233 and PE is calculated
from NCEP/NCAR Reanalysis fields3%.

~0.1-0.2 in 2050, ~0.2-0.3 in 2090, and generally scaling
proportional to ACI magnitudes (Supplementary Figs 4-5). The
local, relative importance of the projected changes shown in
Fig. 1 can be judged by comparing them to the amplitude of
year-to-year variability experienced at each island group over
the past 35 years based on P measured by satellite” combined
with PE calculated from reanalysis fields** (Fig. 2). The largest
amplitude ACI variability, in terms of the magnitude of a local
lo positive (dry) ACI event, is found in the equatorial Pacific,
which is unsurprising given the influence of the El Nino-
Southern Oscillation (ENSO) on rainfall and most other climatic
variables®*. Elsewhere, ACI interannual standard deviations are
in the range ~0.1-0.3. Thus, the ACI projections shown in Fig. 1
in terms of changes in mean climate are equivalent to ~80-100%
of the local amplitude of interannual variability. Therefore, the
projected changes in mean climate will impose a direct stress
on freshwater resources for many societies across the global
ocean, while shifting the baseline on which natural variations
will superimpose.

The seasonal cycle of changes in P and PE also varies
considerably among island groups, as illustrated by six examples
for island groups with annual ACI ranging from <1 (Maldives) to
near 1 (Marshall Islands) to increasingly higher ACI (Easter Island)
(Fig. 3). In all cases, the seasonal cycle of rainfall trends dictate
the seasonality of ACI, whereas there is much smaller seasonal
variation in the long-term PE change. At the Marshall Islands,
increased aridity is expected in boreal spring, with decreased
aridity in summer, effectively cancelling over the annual cycle. At
Easter Island, where the projected annual mean ACI is fairly high
(ACI =1.4), ACI up to 1.6 is expected in austral summer, owing
to the seasonally dependent trends in P and PE being in phase.
Partitioning of the effects of changes in PE and P leading to the
overall ACI across all 80 sites (Fig. 4) reveals that the change in PE
always contributes to higher ACI (~1.1), which further compounds
reduced P at some island groups (for example, Mauritius) and
at least partially offsets increased P at others (for example, the
Maldives). Without accounting for projected changes in PE, that is,
based on P alone, the 80 island groups considered here would be
approximately evenly split into wetter or drier categories by 2090.

Considerable effort across several disciplines has led to detailed
characterizations of the global water cycle and its response
to radiative forcing, from the landmasses large enough to be
well resolved by state-of-the-art GCMs"**" to the other ~71%
of the planet covered by open ocean®™”*. Meanwhile, ~18
million people, many of whom live with acute vulnerability to
exacerbated freshwater stress combined with additional water-
related issues, despite accounting for negligible greenhouse gas
emissions, have fallen through the cracks—the computationally
disenfranchised. By moving beyond rainfall projections and
accounting for changes in the climate system’s evaporative demand
for water, the picture of future freshwater stress that emerges
is variable from one island group to another, but with a clear
trajectory for the majority of islands towards a more arid climate—
similar to recent continental studies**. Further, the strong seasonal
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Figure 3 | Seasonal changes in aridity. Seasonal cycle of changes in ACI for 2090 including the contributions of changes in PE and changes in P at six select

island groups.
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Figure 4 | Effects of precipitation and evaporation. a-d, Partitioning of ACI in 2090 between the contributions of changes in PE (a,b) and changes in P
(¢,d) expressed as histograms (a,c) and bubble maps (b,d).

dependence of future freshwater stress has important, actionable
implications for adaptation of freshwater management practices in
a changing climate'’.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Calculating Potential Evapotranspiration on sub-grid-scale islands. Here we
describe the calculation of Penman-Monteith Potential Evapotranspiration on
sub-grid-scale islands using global climate models and reanalysis data. The
Penman-Monteith method of calculating potential evapotranspiration (PE) is a
solution to a system of equations describing the surface energy balance derived
from near-surface climatic parameters. A common motivation for such an
approach is to circumvent the paucity of direct measurements, and the difficulty in
making them. Knowledge of PE is necessary so that the evaporative demand and its
response to radiative forcing may be compared with that of precipitation (P), and
aridity changes may be evaluated for small island climates. PE may be described
simply as the rate of evaporation that would occur given an unlimited supply of
water available to be evaporated. Although the ocean is effectively such a supply,
the physics governing the rate of evaporation from an open ocean surface is
different from that governing evaporation from land. This fact, and by extension
the necessity to compute PE separately, is evident in a direct comparison between
PE and E at the 80 island groups considered in this study (Supplementary Fig. 6).
Because only a few of the islands considered in this study are actually resolved by
only a few global climate models (GCMs), E in this case is taken from each model’s
open ocean surface (where there are islands in the real world). Not only is the
annual mean E systematically higher than PE at ~80% of the island groups, there is
considerable spread between E and PE across the 80 island groups (r> =0.27).
More importantly, the changes in PE (either fractional or difference) are essentially
uncorrelated from those of E (r? <0.1).

For a derivation and excellent discussion of the Penman-Monteith equation,
the reader is referred to Scheff and Frierson’, further details by the American
Society of Civil Engineers (ASCE)*, and the seminal papers by Penman and
Monteith themselves™?. The Penman-Monteith equation is given by:

_ GAR -G +yC/(Ti+Cr)us (e, —e)
A+y (14 Cyuy)

PE

where PE is potential evapotranspiration (mmd™"), C, is a collection of coefficients
(0.408 m* mm MJ™'), A is the slope of the saturation vapour pressure as a function
of temperature e,(T,) curve (kPa °C™'), R, is the net downwelling radiation at the
surface (MJm~2d™!), G is the heat flux into the ground (MJm2d ™), y is the
psychrometric constant (kPa °C™"), C, is the numerator constant (900 K mm s*
Mg 'd™), T, is the air temperature at 2m (°C), Cy is the conversion from
centigrade to kelvin (273 °C), u, is the wind speed at 2m (ms™), e, is the
saturation vapour pressure at 2m (kPa), e, is the actual vapour pressure at 2 m
(kPa), and C; is the denominator constant (0.34 s m™"). The slope of the

saturation vapour pressure as a function of temperature A is calculated as

A(T,) =2,503exp(17.27T, /(T, +237.3)) / (T, +237.3) (ref. 2), the

psychrometric ‘constant’ y is calculated as y (p,) =0.000665p, where p; is

surface air pressure, saturation vapour pressure e, is calculated as

e,(T,) =0.6108exp(17.27T,/(T, 4 237.3)), and the actual vapour pressure e, is
calculated as e, =q,p,/& where g, is specific humidity at 2 m and £ =0.622.

Our calculation of almost every term in the equation for PE above closely
follows previous investigations™, which follow the detailed ASCE
recommendations®. However, because we are calculating PE at locations where
there is no land present in the GCMs, we cannot exploit the equivalence of the
radiative term (R, — G) with the sum of latent (LH) and sensible (SH) heat fluxes
and simply replace (R, — G) with LH + SH, as others have while focusing on
landforms resolved by GCMs such as continents. Therefore, following ASCE?, we
compute net radiation at the surface R, directly as R, =R,, — R,; where R, is the net
shortwave radiation and R, is the net longwave radiation. We compute these terms
as R, = (1 —a)R,, where @ =0.23 (albedo for the standardized reference surface)
and R; is downwelling shortwave radiation, and Ry =0f4 (0.34—0.14/e,) T/,

where o is the Stefan-Boltzmann constant and f,y =1.35R,/R,, — 0.35 is the
cloudiness function (where Ry, is clear-sky shortwave radiation). Substantial
differences between ocean and land emissivity are one reason why we elect to use
the ASCE formulae rather than radiative fields simulated by the GCMs in open
ocean grid cells. Also following ASCE?, we compute the heat flux into the ground
Gas G(i)=0.07 (T,(i4+1) — T,(i— 1)), where i is the monthly increment.

Thus, our calculation of PE requires each of the following six GCM outputs:
near-surface air temperature (CMIP5 variable fas), near-surface specific humidity
(huss), near-surface wind speed (sfcWind), surface air pressure (ps), surface
downwelling shortwave radiation (rsds), and surface downwelling clear-sky
shortwave radiation (rsdscs). The Coupled Model Intercomparison Project-Phase 5
(CMIP5) GCMs listed in Supplementary Table 1 provided all of the required
outputs for both the historical and RCP8.5 experiments and were thus included in
this study on that basis. The outputs from each model were linearly interpolated to
a common 1° by 1° grid to enable, for example, the calculation of multi-model
mean results.

We also calculate Penman-Monteith PE using reanalysis data (Fig. 2), based on
the National Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) atmospheric reanalysis* over the time
period 1979 through 2013. We do not compute PE before 1979, because the satellite
precipitation measurements (Global Precipitation Climatology Project; GPCP)
began in 1979. The computational procedures carried out using reanalysis data
were identical to those applied to CMIP5 GCM output. The variables T, q,, u,, ps
R,, and R,, are provided directly from the reanalysis (http://www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis.html). The NCEP/NCAR reanalysis data
and GPCP precipitation estimates were also linearly regridded onto the same 1° by
1° grid as in the GCM output.
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