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The increasing variability and rapid transitions between hydroclimatic extremes and their compounding eco-
nomic and environmental effects can cause severe consequences. Understanding the changing characteristics of
such transitions, including their spatiotemporal frequency and magnitude is critical to developing effective
mitigation and adaptation strategies. In this study, lagged compound dry and wet spells are investigated in
Northwest North America (NWNA) based on the Standardised Precipitation Index and Standardised Precipitation
Evapotranspiration Index for multiple accumulation periods (1, 3, and 6 months). The indices are estimated
based on six downscaled Global Climate Models that participated in the 5th phase of the Coupled Model
Intercomparison Project under the Representative Concentration Pathways (RCPs) 4.5 and 8.5, in addition to the
Variable Infiltration Capacity hydrologic model simulations. We characterize changing behaviour of the lagged
compound dry and wet spells under 1.5 °C-4 °C global warming levels. Projections show overall increases in the
frequency of wet and dry swings and decreases in the corresponding transition times in NWNA under climate
change. In addition, the magnitude, intensity, and duration of wet and dry components of such lagged compound
events are projected to increase. With some differences, both indices identify the entire Columbia and southern
Fraser basins as hotspots for frequent compound event occurrences. The study identifies increasing hotspots
across the domain affected by abrupt transitions under climate change and asserts the necessity of integrating

mitigation measures targeting such lagged compound events into disaster risk reduction strategies.

1. Introduction

Hydroclimatic extremes (i.e., floods and droughts) occur globally
and frequently and their occurrence is not confined to a specific
geographical location (Van Loon, 2013). Floods are mainly triggered by
persistent and widespread wet spells (He and Sheffield, 2020), while
droughts arise from prolonged periods of abnormally low precipitation
also known as dry spells (Van Loon, 2015). Floods can occur fast at any
time of the year, often having visible, and dramatic social, economic,
and environmental consequences. On the contrary, droughts have a
much larger spatial and temporal scale and can impact freshwater eco-
systems and their inhabitants, limiting hydropower generation, drinking
water supply, crop production, and waterborne transportation (Van
Loon, 2013). Moreover, hydroclimatic extremes are expected to become
more variable due to anthropogenic climate change (Chen and Wang,
2022). There is growing evidence that climate change can lead to in-
creases in the frequency and intensity of hydrologic extremes (He, 2019;
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Hirabayashi et al., 2013; Herring et al., 2015). For instance, rising global
temperatures can increase the concentrations of atmospheric moisture
due to increased evaporation and transpiration. Moreover, the water-
holding capacity of the atmosphere can expand according to the
Clausius-Clapeyron relation (Skliris et al., 2016). Increasing atmo-
spheric water content and its water-holding capacity can collectively
lead to more extreme precipitation events that can translate into more
severe flooding (Garcia et al., 2022; He and Sheffield, 2020; Bush and
Lemmen, 2019). In addition, global warming induced increase in
evapotranspiration can lead to prolonged and more frequent drought
occurrences if the moisture deficits from increased evapotranspiration
are not offset by the precipitation increases (He and Sheffield, 2020;
Bush and Lemmen, 2019).

Complex interactions between various physical processes can cause
weather and climate-related extreme events (such as droughts, floods,
heatwaves, and storms), which can overwhelm the capacity of natural
and human systems to cope with, and create societal or ecological
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impacts (Singh et al., 2020, 2021, 2022; Zscheischler et al., 2020). The
combination of multiple drivers and/or hazards (which may not
necessarily be extreme) can amplify the impacts of individual event
occurrences, which is referred to as compound extreme events (Leonard
et al., 2014). The impacts of hazards in compound events are owing to a)
multiple hazards occurring simultaneously at one location (e.g., pluvial
and coastal flooding); b) hazards occurring concurrently in different
locations (e.g., flooding in several locations in an area); c) hazard(s)
exacerbating impacts of a pre-existing hazard (e.g., heatwave during a
drought); and d) temporal succession of hazards (e.g., successive floods
and droughts) (Zscheischler et al., 2020). Since the introduction of
compound events in the Intergovernmental Panel on Climate Change
(IPCC) Special Report on Climate Extremes (SREX) in 2012, several
compound weather and climate extremes have been investigated
regionally and globally. This includes compound drought and heat
waves (Mukherjee and Mishra, 2021; Zhou et al., 2019), compound
flooding (Jalili Pirani and Najafi, 2020 & 2022), precipitation and
temperature extremes (Singh et al., 2020) among others that concluded
with the necessity of a multivariate perspective to appropriately assess
changes in climate extremes and their impacts.

However, most studies on floods and droughts to date have treated
the two extremes separately. Therefore, the intersection between these
two extremes has been overlooked, even though their rapid transitions
can lead to greater economic and environmental impacts than the sum of
each type of event (He and Sheffield, 2020).

Historically, several catastrophic instances of transition between
drought and flood have been recorded globally. For example, wide-
spread floods in California in 2016-17 occurred on the back of the multi-
year drought, and the drought to flood events of 2011-12 in England and
Wales (Parry et al., 2013). Most recently (2021), a dry summer in British
Columbia, Canada that led to several wildfires, was followed by massive
flooding in the fall brought about by an atmospheric river that caused 5
fatalities and landslides (Gillett et al., 2022).

Abrupt alterations between droughts and flooding, featuring quick
transitions from one extreme to the other are particularly problematic
for water managers (Swain, 2015; Swain et al., 2016; Maxwell et al.,
2017). Successive flood and drought events put emergency and hazard
response teams under significant stress (Leonard et al., 2014), and
exacerbate the tension between stressed resources for flood relief or
long-term water resource management (Parry, 2019). Moreover, suc-
cessive floods and droughts can impair the functionality and threaten
the stability of structures used as mitigation measures such as dikes and
levees (e.g., in California as documented in Vahedifard et al., 2017;
Vahedifard et al., 2015), dams, and others (Ward et al., 2020).

Recent devastating occurrences of successive floods and droughts
across the world, such as in Australia (Mount et al., 2017), England
(Parry et al., 2013), and California (Wang et al., 2017) have ignited the
motivation of studying such disastrous events. He and Sheffield (2020)
studied the historical trends of drought-pluvial seesaw globally and
identified several hotspots including NWNA for lagged occurrences of
pluvial-drought events. Using the Palmer drought severity index (PDSI),
Maxwell et al. (2013) suggested that tropical cyclones can bring about
synoptic conditions favourable for drought to flood events in coastal
regions of the southeastern United States. Maxwell et al. (2017) explored
the changes in the mechanisms causing rapid drought-to-flood events in
the southern United States and found Frontal, Tropical, and Airmass
storm types during warm-season droughts can lead to rapid drought-to-
flood events. Variability and transitions of contrasting precipitation
extremes in the midwest United States over the past 70 years were
investigated by Ford et al. (2021) using the standardised precipitation
index (SPI). Ansari and Grossi (2022) used the standardised precipita-
tion evapotranspiration index (SPEI) to study the historical spatiotem-
poral evolution of the features of wet-dry events and their transitions in
a watershed in Asia and found hotspots for each feature of such com-
pound events. A global study by Chen and Wang (2022) based on SPEI
projected accelerated transitions between wet and dry spells under
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climate change. Using precipitation as an indicator, Swain et al. (2018)
projected an increasing frequency of “precipitation whiplash” events
over California similar to the 2016-17 event in this state.

Despite many records of the lagged compound dry-wet spells glob-
ally (Parry, 2019), only a few regional analyses have been conducted,
mainly in the U.S. and China, and understanding of such events is
limited. Moreover, previous studies have evaluated these events using
single indicators (e.g., precipitation) or different climatic indices in
isolation, and the effectiveness of different metrics in characterizing the
transitions under different physiographic and hydroclimatic regimes has
not been investigated. Given the expected intensification of the hydro-
climatic extremes under climate change, and that areas in higher lati-
tudes are expected to warm at a higher rate compared to the global
average (Bush and Lemmen, 2019), it is important to analyze the
changing behaviour of lagged compound events in these domains. To
this end, we use an ensemble of downscaled CMIP5 GCM. Using a
multimodel ensemble allows for identifying a range of variability in the
changing characteristics of compound wet and dry events. In addition,
conducting such investigation on a large basin scale can provide critical
insights into the regional impacts of the lagged compound dry and wet
spells under climate change, valuable to a wide range of decision-
makers. Therefore, the objective of this study is to better understand
how different characteristics of lagged compound dry-wet spells can
change across three large basins in northwest North America in a
warmer climate. In particular, we aim to answer the following questions:

e How often are lagged compound dry and wet spells expected to occur
at different global warming levels?

e How long can it take for the dry and wet spell of a compound event to
swing (transition time) at different global warming levels?

e Bearing in mind the projected intensification of the global hydro-
logical cycle in a warming climate, is the study area expected to
experience successions of more severe dry and wet spells? If so, to
what extent are such dry and wet spells projected to intensify?

e How well can different climatic indices model the lagged compound
wet and dry events?

2. Study area and data
2.1. Study area

The study area consists of three key basins of Peace, Fraser and
Columbia in Northwest North America (NWNA) covering British
Columbia (B.C.) and Alberta in Canada, and Washington, Montana,
Oregon, and Idaho in the United States (Fig. 1). This area was selected
since lagged compound dry and wet spells have previously occurred
within (e.g., 2021 in British Columbia; Gillett et al., 2022) or in prox-
imity (e.g., 2016-17 in California; Swain et al., 2018) to NWNA. Located
in western Canada, the Peace River Basin (PRB) headwaters are situated
in the Rocky Mountains. The PRB drains an area of approximately
101,000 km? and covers parts of north-central B.C. and northeastern
Alberta (Vore et al., 2020; Romolo et al., 2006). The PRB is a heterog-
enous catchment with elevation ranging from 400 to over 2800 m and
the average temperature ranging between —11.7 °C in January and
12.4 °C in July over the basin (Najafi et al., 2017). As the largest
drainage basin in BC, the Fraser River Basin (FRB) is a physiographically
heterogeneous catchment that drains almost 230,000km? from its
headwaters in the Rocky Mountains (near Jasper, Alberta) to the Pacific
Ocean at Vancouver (Schnorbus et al., 2010). Elevation in the FRB
ranges from sea level to 4000 m. As a snow-dominated basin, the mean
annual precipitation in the FRB varies between 200 and 5000 mm. The
average temperature of the basin ranges from —8.9 °C in January to
13.1 °C in July (Najafi et al., 2017). The Columbia River Basin (CRB)
drains an area of 560,000 km? and is affected by contrasting climatic
regimes. The western slopes and coastal mountainous regions experi-
ence moderate temperatures and receive some of the highest
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Fig. 1. Location map of Northwest North America and the three key basins considered in this study (Peace, Fraser, and Columbia).

precipitation in North America (500-750 mm near the mountain foot-
hills and 1000 mm or more in the coastal mountains). The interior parts
of the CRB receive considerably less precipitation (<200 mm in central
Washington). Precipitation primarily falls during the period from
October through March, while summers are relatively dry. The CRB is
bounded to the east and north by the cold and moist Rocky Mountains
(Chegwidden et al., 2019).

2.2. Data

The datasets used in this study are prepared and made publicly
available by the Pacific Climate Impacts Consortium (PCIC). This study
was conducted based on monthly records of precipitation and potential
evapotranspiration using observed and simulated values. Precipitation
values were obtained from multiple downscaled Global Climate Models
(GCMs). In addition, we use precipitation records of the PCIC meteo-
rology for NWNA (PNWNAmet data) (Werner et al.,, 2019). The
PNWNAmet is developed via the trivariate thin plate spline interpola-
tion method using a set of long-term homogenized records of high-
resolution, high station density climatology as a predictor (Werner
et al., 2019). This dataset provides daily gridded observations over the
NWNA domain (NWNA; 40°N to 72°N and —169°W to —101°W). The
PNWNAmet provides daily maximum and minimum temperatures as
well as precipitation and wind speed for 1945-2012 with a spatial res-
olution of 1/16° (approximately 6 km). Previously, this high-resolution
gridded dataset has been utilized as a target dataset for the statistical
downscaling of GCMs and forcing dataset for hydrologic modeling over
the NWNA (Mahmoudi et al., 2021; Dibike et al., 2021; Shrestha et al.,
2019).

We conducted the study using simulated precipitation from a
representative ensemble comprising 12 members, which included six
models from the 5th Phase of the Coupled Model Intercomparison

Project (CMIP5) (Taylor et al., 2012), under two medium and high
representative concentration pathways (RCP4.5 and 8.5) radiative
forcing scenarios (Moss and Intergovernmental Panel on Climate
Change, 2008). GCMs were selected using the Katsavouni-
dis—Kuo-Zhang (KKZ) algorithm (Cannon, 2015), which includes
ACCESS1-0, CanESM2, CCSM4, CNRM-CM5, HadGEM2-ES, and MPI-
ESM-LR (Schoeneberg and Schnorbus, 2021). The six GCMs selected
for the study were chosen to represent as much of the full range of the
ensemble as possible (Cannon, 2015). This selection was based on the
ability of the models to capture most of the range of simulated changes
in the ETCCDI climate extremes indices, which was observed in at least
90% of the CMIP5 ensemble members (Schoeneberg and Schnorbus,
2021).

The climatic simulations used in this study are statistically down-
scaled and bias corrected using the Bias Correction/Constructed Ana-
logues with de-trended Quantile mapping reordering downscaling
technique (BCCAQv2) (Cannon et al.,, 2015) and the PNWNAmet
(Werner et al., 2019) as the reference meteorology. To assess the hy-
drologic response of the three large river basins, outputs of potential
evapotranspiration from the VIC hydrologic model set up by PCIC
(Schoeneberg and Schnorbus, 2021) were used. VIC is a spatially
distributed macro-scale hydrologic model, which can be forced with
GCM outputs and implemented over large areas. VIC model can repre-
sent the key processes such as evapotranspiration, snow accumulation,
snowmelt, soil moisture and surface and subsurface runoff in the NWNA
(Curry et al., 2019; Chegwidden et al., 2019; Shrestha et al., 2019 &
2021; Werner et al., 2013; Schnorbus et al., 2010). In this study, VIC was
forced with the PNWNAmet and downscaled and bias-corrected GCM
simulations.
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3. Methodology
3.1. Dry-wet indices

Several indices have been developed to identify wet and dry climate
periods and to assess their characteristics (Drumond et al., 2021). Such
indices are quantitative measures that characterize wet and dry levels by
incorporating one or several variables (indicators) such as precipitation
and evapotranspiration into a single numerical value (Zargar et al.,
2011). Characterizing wet and dry spells enables early warning and risk
analysis, which in turn leads to improved preparation and contingency
planning (Kchouk et al., 2022; Zargar et al., 2011). Therefore wet-dry
indices are widely used to communicate the levels of wetness and dry-
ness anomalies.

To date, many dry-wet indices have been developed and used glob-
ally with different complexities since the nature, characteristics, and
impacts of wet and dry spells can vary considerably among different
sectors (such as water resources managers and engineers, agricultural
producers, and hydroelectric power plant operators). But, considering
that a single definition of drought does not exist, no drought index meets
the requirements of all (World Meteorological Organization, 2012). In
this study, we consider two commonly used indices of Standardised
Precipitation Index (SPI) and the Standardised Precipitation Evapo-
transpiration Index (SPEI). The two indices were selected since they
represent the spatial patterns of events (by providing normalized mea-
sures of relative anomalies locally), are probability-based, and have a
two-folded application (can characterize both wet and dry spells). This
allows us to effectively assess and explore the changes in wet and dry
spell characteristics over the study area on different time scales.

3.1.1. Standardised precipitation index (SPI)

McKee et al. (1993) developed the SPI, on account of the different
impacts of precipitation deficits on groundwater, reservoir storage, soil
moisture, snowpack, and streamflow. Precipitation is the only param-
eter required for calculating the SPI. SPI is normally distributed and can
be used to monitor both wet and dry spells. SPI can be calculated at
different time scales (accumulation periods) such as 1, 3, 6, 9, 12, and
24 months, which can provide early warning of drought and assess
meteorological, agricultural, and hydrological droughts and their
severity (McKee et al., 1993). Water resources planners, research in-
stitutes, and many national meteorological and hydrological services
around the world use the SPI for drought monitoring (World Meteoro-
logical Organization, 2012).

The atmospheric processes including precipitation are the starting
point for the development of agricultural, hydrological, and socio-
economic drought (Sheffield and Wood, 2012). Several recent studies
have used precipitation to identify lagged compound events and inves-
tigate their projected characteristics (Swain et al., 2018; Madakumbura
et al., 2019; Ford et al., 2021; Chen and Ford, 2023; Chen and Wang,
2022). From a technical point of view, the presence of too many zero
values can distort the application of the standardised drought index
approach leading to inaccurate distribution fitting or uncertain normal
quantile transformation, which are the most important parts of the index
estimation (McKee et al.,, 1993; Shukla and Wood, 2008; Vice-
nte-Serrano et al., 2010; Stagge et al., 2015). As monthly precipitation
normally does not have zero values, using SPI allows us to show spatial
variability of projected compound events without any empty space.

However, the SPI is solely dependent on precipitation and does not
consider other parameters that can cause or exacerbate such hydro-
climatic extremes. In particular, there is no consideration of evapo-
transpiration, which is one of the important factors influencing the
climatic water balance (Dai, 2011). Thus, the SPI can underestimate the
risk of compound events as it ignores the potential impact of increasing
temperature on the intensified regional water cycle. Additionally, recent
studies assessing droughts have found that it is not enough to monitor
only precipitation, but the variables reflecting the change in

Atmospheric Research 290 (2023) 106799

evapotranspiration should be involved (Potop, 2011; Paulo et al., 2012;
Stagge et al., 2015; Labudova et al., 2017; Pei et al., 2017). Therefore, in
this study the Standardised Precipitation Evapotranspiration Index
(SPEI) was also used to account for the possible effects of temperature
variability and temperature extremes beyond the context of global
warming.

3.1.2. Standardised precipitation evapotranspiration index (SPEI)

The SPEI is developed by Vicente-Serrano et al. (2010) based on the
monthly climatic water balance. The index is defined as the difference
between precipitation and potential evapotranspiration (PET) at a given
accumulation period. Thus, unlike the SPI which only assesses precipi-
tation variations, the SPEI also considers the demand from evapotrans-
piration. SPEI captures the main impact of increased temperatures on
water demand and is theoretically based on a climatic water balance.
Moreover, since the temperature is considered when calculating the
SPEI, this index can account for the changes in the duration and
magnitude of wet and dry spells brought about by global warming.

3.1.3. Calculation of the SPI and SPEI

The SPI and SPEI are based on the probability of precipitation and
climatic water balance accumulated on a given time scale. SPI quantifies
the standardised deficit or surplus of precipitation over the period of
interest (also known as the accumulation period), whereas SPEI is
interpreted as a relative measure of surface water surplus or deficit with
respect to the hydroclimate of the reference period. Computing the SPI
and SPEI involves fitting a probability density function (PDF) to the
precipitation totals and climatic water balance of the accumulated
period and finding the cumulative probability. By applying a quantile-
to-quantile normal score transformation (Eq. 1), the SPI/SPEI is then
generated by transforming the cumulative probability to the stand-
ardised normal random variable (Eq. 2) with mean zero and standard
deviation of one, representing the value of the SPI/SPEL

y=F'(f:(x)) )

where Fy (x) is the cumulative probability of the fitted distribution
function to the precipitation, Fy (y) is the standardised normal cumu-
lative distribution function, and y is the transformed variable (here
referred to as SPI/SPEI).
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where Fy(x) is the PDF of normal distribution, and ¢ and p are standard
deviation and mean, respectively (in our case would be one and zero,
respectively).

We consider the Gamma (Eq. 3) and Log-logistic (Eq. 4) distributions
to fit precipitation and climatic water balance records, to find the SPI
and SPEI values following the recommendations of McKee et al. (1993)
and Vicente-Serrano et al., 2010), respectively. Moreover, several
studies have shown that these two distributions can adequately estimate
SPI and SPEI in Canada (Tam et al., 2018; Gurrapu et al., 2022). The
selected distributions were fitted to the precipitation totals using the
unbiased probability weighted moment (PWM) since this method does
not result in biased standard deviation values (Tam et al., 2018).
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where o and p are scale and shape parameters, respectively. In this study,
monthly SPI and SPEI values at 1-, 3-, and 6-month accumulation pe-
riods are calculated (Begueria et al., 2014) considering 1970-2000 as
the base period to account for the non-stationarity induced by climate
change.

3.2. Definition and characteristics of compound climatic events

To represent the dry and wet spells, we use —1 and +1 thresholds for
the calculated SPI and SPEI values and investigate the variability and
characteristics of the compound climatic events (CCEs) with different
accumulation periods. A dry (wet) period occurs when the SPI/SPEI is
continuously negative (positive) and reaches an intensity of —1 (+1) or
less (more), respectively. Thus, every wet/dry event has a duration
defined by its beginning and end, and an intensity for each month that
the event continues. A wet-to-dry (or dry-to-wet) CCE occurs when a wet
(dry) period of any duration (at least one month) is followed by a dry
(wet) period of any duration (at least one month). The timespan between
the end of the first period (dry or wet) to the start of the second con-
trasting period (wet or dry) is defined as the transition time (Fig. 2). To
assure the succession of wet and dry spells amplify their individual
occurrence, we limit the transition time to 6 months. Abrupt transition is
referred to as a transition time that is <1 month (i.e., O if wet and dry
occur immediately after each other). The positive sum of the SPI/SPEI
for all the months within a wet or dry event is considered the event’s
magnitude. Intensity is defined as the average SPI/SPEI value during the
event and is calculated by dividing the event’s magnitude by its dura-
tion. The count of the lagged compound wet and dry spells over every
10 years in each warming period of 30 years is reported as their decadal
frequency at that given warming level. We explore if the future CCEs are
projected to intensify under different global warming levels.

As suggested in the IPCC’s sixth assessment report and several other
studies (Hausfather et al., 2022; Seneviratne et al., 2012, Seneviratne
et al., 2016; Seneviratne et al., 2018), we assess the regional patterns of
the compound climatic events (CCEs) using the projections of relevant
hydrological and climatic variables in a base period of 1970-2000, and
at the global warming levels of +1.5 to +4 °C compared to the
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Pre-Industrial (PI) era of 1860-1900. This approach has several ad-
vantages including mirroring the policy discourse surrounding the Paris
Agreement targets of 1.5 °C and “well below 2 °C.” It is also largely
independent of the choice of future emissions scenario (Seneviratne
et al., 2016; Seneviratne et al., 2018; Hirsch et al., 2017; Cannon et al.,
2015). The global warming periods for every ensemble member are
presented in Table S1.

4. Results
4.1. Increasing frequency of compound climatic events

The frequency of compound climatic events (CCEs) for the three
accumulation periods of 1-, 3-, and 6 months are presented in Figs. 3 and
4 based on SPI and SPEI, respectively. The frequency of CCEs were
calculated at every grid of each ensemble member over the given
warming period. Then the multi-model average was calculated by
averaging the spatial mean of frequency simulated by each ensemble
member. As an indicator of inter-model agreement, the multi-model
standard deviation of spatial means was also calculated. The bars in
Figs. 3 and 4 show the multi-model average spatial mean at different
warming levels. The error bars represent the standard deviation of the
multi-model ensemble at each global warming level (see Fig. S1 and S2
for the spatial variation of the gridded ensemble mean).

The two drought indices consistently indicate that the frequency of
CCEs with different transition times is projected to increase under
climate change in all accumulation periods. However, the change of
frequency is not even based on different indices, and for different
transition times and accumulation periods. The number of CCE occur-
rences captured by the indices is smaller at longer accumulation periods.
This is because longer accumulation periods tend to vary less and
therefore better show the overall pattern of the CCE frequency in the
study area. The two indices consistently indicate that the study area is
more prone to dry-to-wet CCEs. A comparison between transition times
reveals that dry-to-wet CCEs occur more swiftly compared to wet-to-dry
events since the dry-to-wet events that swing within one or 3 months
tend to make up a larger portion of all compound events compared to
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Fig. 2. Example of a compound climatic event (CCE, wet-to-dry). The blue line shows the SPI3 timeseries, while the orange and grey dashed lines illustrate the
thresholds used for dry and wet conditions. Here, the transition time of the wet-to-dry CCE is one month (time span between the end of the former and the start of the
latter event). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Similar to Fig. 3, but for SPEL

wet-to-dry events with the same transition time. Moreover, most dry-to-
wet CCEs (more than two third of all compound events) occur within 3
months, whereas wet-to-dry events with a transition time of 3 months or

less consist of almost half of all compound events (except based on SPI1
and SPEI6). In addition, abrupt dry-to-wet CCEs are projected to occur
more frequently than abrupt wet-to-dry CCEs. Although the future
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projections of CCE frequency based on SPI and SPEI indicate similar
patterns (more frequent occurrences if warming is not limited), the
number of compound events captured by SPEI is larger compared to SPI.
The results of the multi-model ensemble mean for the frequency of
dry-to-wet CCEs based on SPI6 and SPEI6 are presented in maps of
Figs. 5 and 6, respectively. Although the identified hotspots by the
indices have similarities in the base period, there are discrepancies in the
location of the future hotspots for the frequency of CCEs projected by the
two indices. SPI6 identifies the entire Columbia and Fraser (except a
small portion on its western boundary) basin as well as the western
Peace as hotspots for frequent dry-to-wet CCE occurrence in a warmer
climate (Fig. 5). On the contrary, future projections of dry-to-wet CCEs
suggest the frequency of such compound events would decrease in
eastern Peace and western Fraser basins at higher levels of global
warming (Fig. 5). With some differences in the frequency of the CCEs,
there are general agreements in the identified hot and cold spots by SPI1
and SPI3 (Figs. S3 and S4). Additionally, SPEI6 results identify the
central and southeast Columbia basin as hotspots for dry-to-wet CCEs in
the base period. However, the future projections indicate that under
climate change, dry-to-wet CCEs can occur more frequently across the
entire study area (except in central and southeast Columbia, that are
hotspots in the base period). Therefore, the area is projected to experi-
ence more CCEs in a warming world. In line with the SPEI6, results
based on SPEI1 and SPEI3 also show similar spatial patterns (Figs. S6
and S7). A comparison between the two indices reveals that the SPI can
underestimate CCE occurrences by >2 events in some locations.

4.2. Longer compound Dry and Wet Spells with shorter transition Times

The duration of wet and dry spells and the transition time of CCEs at
different warming levels are presented in Figs. 7 and 8 based on SPI and
SPEI, respectively. The durations and transition times were calculated at
every grid of each ensemble member over the given warming period.

Pseudo-Observation

Base Period

SPI6 Dry to Wet Decadal Frequency

+1.5°C
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Then the multi-model average was calculated by averaging the spatial
mean of transition time and durations simulated by each ensemble
member. The points in Figs. 7 and 8 show the multi-model average
spatial mean at different warming levels and the bars represent the
standard deviation of the multi-model ensemble at each global warming
level (see Fig. S9 and S10 for the spatial variation of the gridded
ensemble mean).

When comparing dry-to-wet and wet-to-dry CCEs, the duration of
wet and dry spells in both types of CCEs are almost identical at each
warming level and accumulation period (based on both SPI and SPEI in
Figs. 7 and 8). However, the SPI suggests that the duration of wet spells
in CCEs is projected to increase. Generally, dry-to-wet CCEs based on SPI
have shorter transition times compared to wet-to-dry events. In addi-
tion, the transition time is projected to significantly decrease at a higher
level of global warming (Fig. 7). When considering CCEs based on SPEI,
the duration of dry spells is projected to increase at higher global
warming levels. A comparison between the different types of CCEs (wet-
to-dry and dry-to-wet) reveals that generally, the transition time of dry-
to-wet CCEs is shorter than wet-to-dry events. Furthermore, both types
of CCEs are projected to occur more swiftly under global warming,
which is inferred from the projected decreasing transition times if
warming continues.

The climatology of transition time for dry-to-wet CCEs based on SPI6
and SPEI6 are presented in Figs. 9 and 10, respectively. Since the
drought indices used in this study (SPI and SPEI) are calculated monthly
and the 6 months limit is applied to transition time, the transition time of
the CCEs would vary in the range of 0 to 6 months (transition time of
0 indicates that wet and dry spells occur successively with no lag be-
tween them).

The transition time of CCEs is projected to decrease under climate
change across the study area with some locations excepted. While results
based on SPI6 indicate that it is projected to take 3 months for dry spells
to swing to wet spells across most of the study area, transition time in
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Fig. 5. Decadal frequency of CCEs over each warming period based on the gridded multi-model ensemble mean. Changes in future projections at different global
warming levels are communicated as the percentage change relative to base period. Hatches show where the differences were significantly different from the base

period. Significance at >95% confidence was obtained from a two-sided t-test.
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Fig. 7. Duration of wet and dry spells and transition time of CCEs (based on SPI). The points represent the multi-model average spatial mean and the bars show the
ensemble standard deviation at each Global Warming Level (GWL). Significance at >95% confidence was obtained from a two-sided t-test.

northern Peace is expected to increase to 4 months (Fig. 9). On the
contrary, transition time in some locations in southern Peace, eastern
Fraser and central and southwest Columbia are projected to be 2 months
at the 4 °C global warming level (Fig. 9). Although projected transition

times based on SPI6 do not suggest abrupt transitions anywhere in the
study area, some parts in the west and south Peace, as well as western
and central Fraser and northern Columbia are projected to experience
abrupt transitions as SPI1 results indicate (Fig. S11). However, there is
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Fig. 9. Climatology of SPI6 dry-to-wet transition time. Maps show transition time in months over each warming period based on the multi-model ensemble mean.
Changes in future projections at different global warming levels are communicated as the percentage change relative to base period. Hatches show where the
differences were significantly different from the base period. Significance at >95% confidence was obtained from a two-sided t-test.

general agreement between SPI3 and SPI6 in the duration of transition months across the entire study area under climate change (Fig. 10).
time projected for different locations (Figs. S12 and S13). Results based However, the transition time in the central part of Columbia is projected
on SPEI6 also indicate decreasing the transition time of CCEs to 2 to increase to 4 to 5 months at the 4 °C global warming level (Fig. 10).
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Fig. 10. Similar to Fig. 9, but for SPEI6.

Even though there are general agreements between SPEI6, SPEI1 and GMT. Moreover, the western Peace, central and southwest and eastern
SPEI3 (Figs. S14, S15, and S16) in the projected length of transition time Fraser, and northern Columbia are projected to experience abrupt
in different locations, future projections based on SPEI1 suggest abrupt drought to flood transitions at 4 °C global warming level (Fig. S14).
transitions in the eastern Fraser basin near the Vancouver area at +3 °C Although the decreasing transition time is projected by both indices, the
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Fig. 11. Magnitude of wet and dry spells in CCEs based on SPI. The small rectangles show the multi-model average spatial mean and bars show the ensemble
standard deviation. The dashed lines show the thresholds used to represent wet and dry spells in this study (+1). Significance at >95% confidence was obtained from
a two-sided t-test.
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projected transition time of CCEs is shorter by a month in most of the
study areas based on SPEI compared to SPI.

4.3. Larger magnitudes of dry and wet spells in lagged compound events

The magnitude of wet and dry spells in CCEs at different warming
levels is presented in Figs. 11 and 12 respectively based on SPI and SPEI.
The figures show the multi-model average spatial mean and the
ensemble standard deviation (see Figs. S19 and S20 for spatial variation
of gridded ensemble mean). The results for the intensity of wet and dry
spells are represented in Figs. S17 and S18.

The magnitude of both wet and dry spells in CCEs based on SPI is
projected to increase under climate change (Fig. 11). Moreover, the
intensity of both dry and wet spells based on SPI is projected to increase
(Fig. S17). Magnitude can be influenced by the intensity and duration of
the spells. Therefore, the projected increase in the magnitude of wet
spells can be associated with the projected increases in the duration of
wet spells as well as the intensification of both wet and dry spells in a
warming future (Figs. 7 and 11, and Fig. S17). Further, the projected
increases of dry spells magnitude in CCEs can be mostly due to the
intensification of dry spells as the future projections of the ensemble
mean based on SPI does not suggest considerable changes in the dura-
tion of the dry spells (Figs. 7 and 11, and Fig. S17).

In line with projections based on SPI, SPEI also indicates that the
magnitude of both wet and dry spells in CCEs is projected to increase
under climate change (Fig. 12). However, the increase is more notice-
able in the magnitude of dry spells. Since the ensemble mean suggests
increasing patterns in the duration of dry spells based on SPEI (Fig. 8) in
a warming world, some part of the growth in the magnitude of dry spells
in CCEs can be attributed to the changes in duration. However, dry spells
in CCEs are projected to also intensify in a warmer world (Fig. S18).
Therefore, increases in both the duration and intensity of dry spells can
lead to growth in the magnitude of dry spells in CCEs. Intensification of
future wet spells in CCE:s is also projected by the ensemble mean. Since
the projected changes in the duration of wet spells are not considerable,
the projected pattern of increasing wet spell magnitudes in CCEs can be

B Dry . Wet
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due to their intensification of them in a warming world (Figs. 8 and 12,
and Fig. S18).

5. Discussion

The projections (Figs. 3 — 6) indicate an increasing pattern in the
frequency of CCEs at different timescales under climate change. Short
accumulation periods (1 and 3 months) can represent how climatic
conditions can propagate to affect short-term soil moisture conditions.
Therefore, less than normal precipitation or negative climatic water
balance represented as dry spells can cause crop stress due to reduced
short-term water availability. Further, the higher-than-normal precipi-
tation and positive climatic water balance can lead to increased soil
moisture, and therefore potentially increase the flood risk due to
reduced infiltration capacity. A more frequent succession of such con-
trasting conditions can lead to vegetation diebacks (Moore, 2012).
Furthermore, increasing the frequency of wet and dry spells accumu-
lated at longer timescales (6 months) can enhance the chances of hy-
drologic floods and droughts, respectively. Therefore, more frequent
successive floods and droughts that are probable in the future if global
warming is not limited, could reduce the reliability of water resources
for planning and management.

Our results indicate that the transition time of wet and dry spells is
also projected to decrease (with statistically significant changes in many
instances), which can pose challenges for water-resources management
and emergency response. In addition to reservoir operation guidelines,
the decision-making of reservoir operators can be influenced by expe-
rience and judgment as well, which can result in cognitive biases (Garcia
et al., 2022). For instance, the flood of Brisbane in January 2011,
(Australia’s most expensive natural disaster to date) was caused not only
by several days of intense rainfall but also by the flood operation de-
cisions at the Wivenhoe and Somerset Dams (Garcia et al., 2022). This
flood event occurred at the end of the decade-long Millennium drought,
during which the dam operators struggled to meet water supply objec-
tives and flood control was back of mind. Garcia et al. (2022) suggest the
operators’ recent experience with drought may have prompted them to
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underweight the risk of extreme flooding and over-weight the risk of
water supply deficit. Moreover, the projected decrease in the transition
times under climate change reduces the timespan over which actions to
prepare for and cope with hazards. This reduces the recovery time and
increases the failure probability of infrastructure and water demands.

Moreover, climate change can exacerbate the impacts of cognitive
biases. While such biases are based on experience with historical con-
ditions, the non-stationarity associated with climate change brings
about unprecedented climatic situations. In addition, failure to detect,
acknowledge, and manage such cognitive biases can create fragilities
that can lead to catastrophic failures when extreme events occur. For
instance, our multi-model ensemble projects change in the duration of
the wet and dry spells (Figs. 7 — 10 and S9 — S16). Considering and
incorporating such insights about the changing future characteristics of
extreme events in reservoir operations and strategic planning for
disaster risk reduction can limit the cognitive biases brought about by
heuristics.

Coupled with the projected increase in the frequency of CCEs (Figs. 3
- 6), the variability of contrasting extreme precipitation alterations is
projected to increase under climate change. The increased variability of
the monthly (SPI1/SPEI1) CCEs (Figs. S3, S6, S11, and S14), reduces the
predictability of these transitions which can challenge decision-making
for water-resources managers. Moreover, increased variability of tran-
sitions between wet and dry spells accumulated over 3-months (Figs. S4,
S7, S12, and S15) can put pressure on reservoir operations, decreasing
the reliability of water supply, flood control and other reservoir benefits
(Garcia et al., 2022). Due to the persistence of wet and dry spells on a
longer timescale (SPI6/SPEI6), such abnormal (wet or dry) conditions
can alter long-term patterns of water resources such as groundwater
levels or streamflow (Figs. 3 — 10).

The future CCEs are projected to have larger magnitudes and
intensify under climate change (Figs. 11, 12, and S17 — S20). Our find-
ings of transitions between more intense wet and dry conditions are in
line with the projections of Dong et al. (2018) that show intensified
swing between wet and dry extremes in the sub-seasonal timescales. The
increased dryness has been previously reported by the projections of
Wartenburger et al. (2017) for many regions globally. Furthermore, the
intensification of precipitation under climate change has been shown by
Hartman et al., 2013. Moreover, this intensification of precipitation has
been attributed to anthropogenic factors by Bindoff et al. (2013).

Our analysis shows some discrepancies when comparing the results
based on SPI and SPEI. Results suggest that SPI can underestimate the
risk of compound events as it overlooks how increasing temperatures
could intensify regional water cycle. For example, the number of com-
pound events captured by the SPEI is larger compared to the SPI.
Moreover, results based on SPEI generally show shorter transition times
(by a month over most of the study area) for CCEs compared to SPI. This
difference implies that taking potential evapotranspiration (ultimately
temperature) into account to identify the CCEs can more clearly repre-
sent the warming-induced intensification of the water cycle under
climate change. There is theoretical evidence of water cycle acceleration
brought about by rising surface temperature, which cause increases in
evapotranspiration, and could result into faster atmosphere-land inter-
change (Huntington, 2006). Based on the Clausius-Clapeyron relation,
the atmosphere can hold about 7% more water vapor for every degree
Celsius it gets warmer (Bengtsson, 2010; Seager et al., 2010). Therefore,
warmer air with higher evapotranspiration takes longer to get saturated
potentially leading to longer dry spells and intensified drought condi-
tions, and then has more water to release triggering heavy precipitation
and corresponding severe floodings. Another reason is the increasing
variabilities of precipitation and evapotranspiration (Lawrence et al.,
2007). Higher evapotranspiration variability incurs a rapid rate of
moving surface water from land to the atmosphere, contributing to the
local transition from dry to wet periods (Qiu et al., 2021; Chen and
Wang, 2022). Additionally, recent studies assessing droughts have found
that it is not enough to monitor only precipitation, but the variables

12

Atmospheric Research 290 (2023) 106799

reflecting the change in evapotranspiration should be involved (Lab-
udova et al., 2017; Paulo et al., 2012; Pei et al., 2017; Potop, 2011;
Stagge et al., 2015). Therefore, we not only include the SPI but also the
SPEI in our analysis as the SPEI can account for the possible effects of
temperature variability and temperature extremes beyond the context of
global warming.

It is difficult to explain the projected changes in the characteristic of
lagged compound wet and dry spells from a physical standpoint, due to
the complexity and variability of the mechanism causing the drivers of
each component (wet and dry spells) of such compound events. This
makes understanding lagged compound wet and dry spell events to be
case-dependent, which can be influenced by climate variability, as well
as climate change (He and Sheffield, 2020). Detailed analysis of indi-
vidual event occurrences can reveal the synoptic conditions favourable
for such compound event occurrences, especially since Maxwell et al.
(2013 & 2017) have shown different storm types can cause such events
in the same location. However, some of the projected patterns for the
hydroclimatic events under climate change can bring about increases in
the frequency of lagged compound dry and wet spells. As explained in
the introduction, more frequent dry and wet spells are projected under
global warming, which can increase the chances of successive con-
trasting hydroclimatic events. Warming can also change global climate
variability such as El Nino/La Nina (Yu et al., 2017), or Arctic sea ice
volume and extent (Francis et al., 2017), which can bring more year-to-
year variability or persistence to weather patterns and influence
regional precipitation and temperature anomalies (He, 2019). There-
fore, we recommend investigating possible teleconnections of lagged
compound wet and dry events with the large-scale modes of climate
variability that impact the study area can improve the predictability of
these compound events.

6. Conclusions

Hydroclimatic extremes (floods and droughts) have significant socio-
economic and environmental impacts and are expected to become more
variable under anthropogenic climate change. Recently, an upsurge in
the temporal swings between the two contrasting extremes has been
observed in several regions around the world, which has raised concerns
about the increasing variability and rapid transitions between hydro-
climatic extremes and their associated compounding economic and
environmental impacts. In this study, we characterized lagged com-
pound dry and wet spells and assessed the regional patterns of their
characteristics at +1.5 to +4 °C global warming levels compared to the
pre-Industrial era in Northwest North America. To this end, the Stand-
ardised Precipitation Index and Standardised Precipitation Evapotrans-
piration Index were used to find the wet and dry spells accumulated over
different timescales (1, 3, and 6 months). The indices were calculated
based on the simulated precipitation by an ensemble of downscaled and
bias-corrected Global Climate Models consisting of 6 members and two
medium and high emission scenarios. Moreover, the output evapo-
transpiration of the Variable Infiltration Capacity hydrologic model was
used. Our results indicate that the frequency of both types of compound
dry and wet spells (dry-to-wet and wet-to-dry) are projected to increase
in a warming world. However, the study area is more prone to dry-to-
wet compound events. In addition, the duration of dry and wet spells
is expected to increase, whereas transitions between dry and wet spells
are projected to occur more swiftly. Furthermore, future projections of
our multi-model ensemble suggest larger magnitudes for both wet and
dry spells that occur successively, which can be attributed to the pro-
jected increases in their durations as well their intensification. We also
identified future spatial hotspots for each of these characteristics. The
results assert that using SPI, which does not consider the impact of
temperature underestimates the risk of such compound events. These
findings highlight the importance of integrating compound wet-dry
events into Disaster Risk Reduction strategies over the study area
since the area is prone to such compound events and the vulnerability is
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projected to increase under climate change.
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