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Summary of supplementary information contents
This supplementary information document contains:

1) A complete description of the methods used to calculate the “hydroclimate volatility” metric
defined for the first time and used in this review in the “Supplementary Methods” section.

2) Supplementary discussion describing the illustrative historical hydroclimate whiplash events
quantified in Figure 1 in the main manuscript in the “Supplementary Discussion” section.

3) Figures intended to augment the key findings depicted in the figures contained in the main
manuscript in the “Supplementary Figures” section.

Supplementary Methods

Here, we describe the methods used to calculate the “hydroclimate whiplash” metric that forms the basis of
certain quantitative claims in the text as well as Figures 2 and 3. We use atmospheric reanalysis data from
two separate sources (ERA-5! and NOAA-CIRES-DOE 20CRv3 (henceforth and in the main manuscript
“NCD20C”))? to address the potential biases present in any single reanalysis, and the SSP3-7.0 scenario in
a single model large climate model ensemble® (CESM2-LENS) to calculate monthly-scale Standardized
Precipitation Evapotranspiration Index values (SPEI, using the Penman-Monteith approach for calculating
potential evapotranspiration?). Using these monthly SPEI values, we define a "hydroclimate whiplash
event" as one which occurs when the temporal difference in SPEI (positive or negative) meets or exceeds
the value associated with an approximate 10-year recurrence interval in a single reanalysis or climate model
grid box within the reference period (1940-1980). The underlying SPEI calculation is at grid box level and
relative to the underlying seasonal cycle during the historical SPEI calibration period, and thus accounts

for the local background degree of hydroclimate variability and seasonality.

We do so on two separate timescales: sub-seasonal and interannual. To calculate the magnitude of sub-
seasonal SPEI transitions used in determining whiplash, we derive differences between SPEI3 (i.e., the 3-
month moving average of monthly SPEI) over a moving window itself up to three months long. For a given
June-August period, for example, we calculate three differences in SPEI3: August SPEI3 minus July SPEI3,
August SPEI3 minus June SPEI3, and August SPEI3 minus May SPEI3. From these, we calculate either
the maximum value (if the sign of the difference is positive, corresponding to dry to wet transitions) or the
minimum value (if the sign of the difference is negative, corresponding to wet to dry transitions) and store
it for each location in each month. To establish a historical baseline for local whiplash occurrence, the
subsequent location-specific time series are used to calculate the 99.4th/0.6th percentile threshold in the

1940-1980 period (i.e., resulting in one exceedance each for wet-to-dry and dry-to-wet transitions per



decade). To calculate interannual whiplash, we repeat the same process using SPEI12 (i.e., the 12-month
moving average of monthly SPEI). A whiplash event is defined to have occurred if the stored SPEI temporal
difference on the relevant time scale exceeds the local baseline threshold. To quantify the total number of
hydroclimate whiplash events in a given location as well as temporal trends, we sum the combined counts
of wet-to-dry and dry-to-wet whiplash events to derive a composite whiplash metric resulting in an

combined event frequency of approximately once per five years during the baseline period.

In Figures 2 and 3 in the main manuscript, in the supplementary figures below, and as discussed elsewhere
in the main text, global hydroclimate whiplash changes are reported both as global mean values and also
separated into “land” (defined as all grid boxes that are neither ocean nor inland water (e.g., lakes)) or

“ocean” (defined all grid points classified as either ocean or inland water (e.g., lakes).

For the purposes of this review, we group various anthropogenic emissions trajectories used to conduct and
assess coordinated climate model simulations® into two broad categories: “high emissions” trajectories
(including RCP8.5, SSP5-8.5 and SSP3-7.0) and “moderate emissions” trajectories (including RCP6.0,
RCP4.5, and SSP2-4.5), though we note that the SSP scenarios used in the CMIP6 experiments incorporate
more socioeconomic factors than do the RCP scenarios used in CMIP5. The level of global warming
associated with high emissions trajectories might be experienced under either continued acceleration of
anthropogenic greenhouse gas emissions (which observed emission trends as of 2023 do not support®) or if
the overall climate sensitivity is considerably higher than median estimates’. The level of warming
associated with moderate emissions trajectories is compatible with observed stabilization of emission
trends® and is within range of plausible climate policy outcomes as of 2023’. In cases lower emission
trajectories are considered, the specific warming level is noted (for example, 2°C). Higher emission
scenarios (such as RCP8.5 and SSP3-7.0, which yield warming well in excess of 3°C by 2100) can still be
used to estimate climate impacts at lower levels of warming (for example, 2°C) that are consistent with

lower emission scenarios®.

Supplementary Discussion

The following brief summaries describe the illustrative hydroclimate whiplash events highlighted in Figure
1 in the main manuscript.

North-Central U.S.
Change in SPEI-12: January 2020 - January 2021



Maximum Change in SPEI-12: -5.7

Extreme precipitation beginning in the spring of 2019, combined with antecedent wet soils, led to record
flooding across the Northern U.S. Plains and Upper Midwest. Water levels reached record peaks at
approximately 75 locations across the Missouri River Basin, and much of the river and its tributaries
remained above flood stage for most of the year. Extreme rain and flooding led to planting delays, a
shortening of the growing season, and nearly 20 million acres of unplanted agricultural land®. Total
estimated losses to agriculture, residential and commercial property, and public infrastructure from flooding

across the region was $13.4 billion?®,

Less than one percent of the region was in drought at the start of 2020. Drought conditions developed across
the region in the spring and spread throughout the Northern U.S. Plains by fall. By the end of November,
portions of eastern Wyoming, eastern Montana, North Dakota and South Dakota were in a state of extreme
drought (D3 classification U.S. Drought Monitor). A lack of rainfall led to impacts on fall season seeding
and food supplies for livestock. A lack of snow, dry grasses, and a high-wind event led to several grass fires
across the region in January 2021. Drought intensified throughout an abnormally hot 2021, reducing
hydropower production and livestock herd numbers, and facilitating wildfire activity across 6.5 million

acres™.

Pacific Southwest
Change in SPEI-12: October 2022 - October 2023
Maximum Change in SPEI-12: 5.5

2022 marked the third consecutive year of widespread drought across California and the Great Basin.
California experienced its driest ever January — October period!?, ending the 2022 water year (October 1
2021 — September, 30 2022) with state reservoir storage at 69% of average®®. Wildfires associated with dry
conditions in the state burned over 362,000 acres and destroyed 772 structures!®. The 2023 water year
(October 1 2022 — September 30 2023) brought record precipitation, snowpack, and flooding to California
and Nevada. California (Nevada) experienced its 7" (3') wettest December-March since records began in
1895. Winter storms and the associated flooding, rockslides, and fallen trees, contributed to at least 22
deaths. Levees broke across California, inundating homes and agricultural land with water, forcing

widespread evacuations®®.



Northern and Central Europe
Change in SPEI-12: January 2018 - January 2019
Maximum Change in SPEI-12: -6.2

2017 was an anomalously wet year across Northern and Central Europe, with particularly heavy rainfall
during the summer and fall seasons. Extreme precipitation caused widespread flooding across Germany
that inundated streets and underground rail stations and led to transport delays®®. In 2018, a dry and
exceptionally warm spring season initiated drought across much of Northern and Central Europe. Hot and
dry conditions continued throughout the summer leading to the combined hottest and driest growing season
on record. Widespread crop losses resulted in farmer compensation of €340 million in Germany and €116
million in Sweden?’. Depleted water reserves led to ecosystem damage, reduced energy production, and

issues with drinking water?®,

Central America
Change in SPEI-12: November 2019 - November 2020
Maximum Change in SPEI-12: 5.6

2019 was the fifth consecutive year of drought across Central America. Impacts on agricultural production
were particularly acute in the Central American Dry Corridor countries of Guatemala, EI Salvador,
Honduras and Nicaragua where an estimated 2.2 million people suffered crop losses®®. In 2020, Central
America was hit by two strong tropical cyclones, Hurricane Eta and Hurricane lota. Widespread flooding
and landslides across mountainous terrain killed 200 people and displaced more than 500,000 across the

region?,

Southern Chile and Argentina
Change in SPEI-12: December 2016 - December 2017
Maximum Change in SPEI-12: 5.6

Southern Chile and Argentina experienced anomalously dry conditions during the majority of 2016. In

western Patagonia, precipitation deficits of at least 50% led to decreased streamflow, anomalously high



wildfire activity and vegetation die-off?. In 2017, anomalously wet conditions across Central and Southern
Chile were punctuated by several extreme rainfall events, including a December storm that led to a

catastrophic landslide in Villa Santa Lucia, Chile, destroying half of the village and killing 22 people®.

Southeast Australia
Change in SPEI-12: December 2019 - December 2020
Maximum Change in SPEI-12: 4.6

2019 was the third consecutive year of drought in Southeast Australia. Production of wheat, barley, and
rice dropped by 63%, 43% and 90% respectively. The dry land surface amplified heat wave temperatures
by up to 2.5°C and led to extensive wildfires that burned over 5.8 million hectares during early 2020%.
Wetter conditions prevailed throughout Southeast Australia in 2020, with heavy rain and major flooding
during February (more than 300% of the average monthly total during a 4-day span)?* and record setting

daily rainfall totals and flash flooding in December?®.

Iran, Pakistan, and Eastern Arabian Peninsula
Change in SPEI-3: May 2022 — August 2022
Maximum Change in SPEI-3: 12.8

Dry conditions prevailed across Iran, Pakistan, and the Eastern Arabian Peninsula during spring and early
summer. In Pakistan, for example, a lack of precipitation and a spring heat wave brought mild to severe
drought across western portions of the country prompting the government to advise farmers to take
preemptive measures. The summer months brought record precipitation to the region. In Pakistan, monsoon
rains drove extreme flooding, killing at least 900 people and leaving 30 million homeless®. Iran
experienced catastrophic flooding and landslides that Killed at least 69 people, damaged more than 20,000

homes, and shut down airports and highways?’.

Southern China
Change in SPEI-3: June 2022 — September 2022
Maximum Change in SPEI-3: -6.6



In 2022, Southern China experienced its wettest spring since 1961. Floods and landslides killed at least 32
people, damaged crops and homes, and resulted in over $600 million in economic losses®®. During summer,
persistent heat waves combined with a lack of precipitation drove widespread drought. Low water levels
affected hydropower production both locally and in downstream locations that import much of their energy

from the drought affected areas?.

West Africa
Change in SPEI-3: June 2020 — September 2020
Maximum Change in SPEI-3: 5.8

Hot and dry conditions prevailed across much of the West African Sahel during the late spring and early
summer of 2020%. Beginning in July, conditions became anomalously wet, and several extreme rainfall
events brought flooding to the region. The floods led to outbreaks of vector-borne diseases, including Rift
Valley fever and Chikungunya, as well as the displacement of over 225,000 people in Niger, and an

estimated $13 million in crop losses in Nigeria®.

East Africa
Change in SPEI-3: September 2023 — December 2023
Maximum Change in SPEI-3: 6.4

A prolonged drought impacted the eastern Horn of Africa between 2020 and 2023, causing widespread crop
and livestock loss, conflict, and food insecurity for over 20 million people3. The subsequent 2023 July-
September dry season was anomalously hot and dry across much of the region, further reducing water
resources and crop yields. Extreme rain and flooding in Kenya, Ethiopia, and Somalia during the 2023 fall
harvest season destroyed crops, forced 2 million people to evacuate their homes, and left 4 million people

without food and income®.



Supplementary Figures
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Supplementary Fig. 1. Historical changes in hydroclimate whiplash frequency, ERA5 and NCD20C
versus LENS2. a,b | Global map of historical (1985-2015 minus 1951-1981) differences in sub-seasonal
(defined as 3-month SPEI with large transitions within 3 months) hydroclimate whiplash frequency in the
ERAS (a) and NCD20C (b) reanalysis. b | Same as a, but for the CESM-LENS2 climate model large

ensemble mean.



b) SPI12 whiplash change, 3 °C warming
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Supplementary Fig. 2. Projected hydroclimate whiplash trends using a precipitation-only metric
(SPI) in a warming climate. a | Global map of projected sub-seasonal (up to 3 month) hydroclimate
whiplash in the CESM-LENS2 climate model large ensemble at 3°C of global mean warming. b | Same as
a, but for inter-annual (up to 12 month) whiplash. ¢ | Trends in sub-seasonal (up to 3 month) hydroclimate
whiplash in the CESM-LENS2 climate model large ensemble as a function of projected global mean
warming. d | Same as c, but for inter-annual (up to 12 month) whiplash. In map plots, purple colors
represent increases in whiplash frequency and orange colors decreases in whiplash frequency (both in units
of events per decade). The light red and blue shaded regions represent the 5th to 95th percentile ensemble
spread for the CESM-LENS2 whiplash counts. In the CESM2-LENS simulations, hydroclimate whiplash
increases strongly with warming over nearly all global land areas and most global ocean areas outside of
the subtropics, and the rate of sub-seasonal whiplash increase accelerates particularly over land between
1°C and 3°C of global mean warming. All global mean temperature values are calculated relative to the
1940-1980 reference period. This figure, which depicts changes in projected whiplash using a precipitation-
only metric (the Standardized Precipitation Index, or SPI) is intended to complement Figure 3 (identical
except that it depicts changes in whiplash using a metric encompassing both precipitation and evaporative
demand, i.e., the Standardized Precipitation-Evaporation Index, or SPEI).
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Supplementary Fig. 3. Difference in projected hydroclimate whiplash trends in a warming climate,
SPEI vs. SPI. a | Global map of difference in projected sub-seasonal (up to 3 month) hydroclimate whiplash
change in the CESM-LENS2 climate model large ensemble at 3°C of global mean warming using SPEI
versus SPI-based metrics. b | Same as a, but for inter-annual (up to 12 month) whiplash. C. Difference in
trends in sub-seasonal (up to 3 month) hydroclimate whiplash in the CESM-LENS2 climate model large
ensemble as a function of projected global mean warming using SPEI versus SPI-based metrics. d | Same
as ¢, but for inter-annual (up to 12 month) whiplash. In map plots, green colors represent locations where
increases in whiplash frequency are larger using the SPEI-based metric, and brown colors represent
locations where increases in whiplash frequency are larger using the SPI-based metric (both in units of
events per decade). The light red and blue shaded regions in panels c¢) and d) represent the 5th to 95th
percentile ensemble spread for the difference in CESM-LENS2 whiplash counts for SPEI vs SPI-based
metrics. All global mean temperature values are calculated relative to the 1940-1980 reference period.
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