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ABSTRACT
Precipitation whiplash, the rapid shift from drought to flooding, or vice versa, exacerbates the impact of both extremes compared 
to if they were to occur separately. The recognition of these types of events is relatively recent, and event precursors, driving me-
teorology and impacts are poorly understood. In response to this, this review summarises the current state of science of precipi-
tation whiplash events in the United States, analysing event definitions, driving meteorology, impacts and the spatial distribution 
of the studies. Definitions vary considerably in temporal extent, from the transition between wet and dry conditions happening in 
less than a week to over a year. The climatological drivers and meteorological conditions creating precipitation whiplash events 
show significant diversity as well, both due to the varying event definitions and also due to the different geographical settings 
and range of scales of the studies. A wide range of definitions, drivers and impacts are described here, allowing researchers to 
better understand the phenomenon that is precipitation whiplash while also creating a foundation for future studies to delve 
deeper into the topic.

1   |   Introduction

Hydrometeorology and Climatology have been a focus area 
for scientists since the inception of modern meteorology, 
and arguably long before that society has attempted to bet-
ter understand how water moves through their regions and 
systems. Too much water, and we are faced with the risk of 
flooding, landslides, erosion, infrastructure and crop damage 
and impaired water quality (Rashid and Wahl 2022; He and 
Sheffield  2020; Diffenbaugh et  al.  2015; Touma et  al.  2022; 
Loecke et al. 2017). Too little water, and we are unable to meet 
water resource needs, which leads to disruption to agricul-
ture, health and the economy (Basara et al. 2013; Steiner and 
Anderson 2015). Variability in the temporal and spatial scales 
of geophysical variables is naturally occurring and continuous 

(Hurst 1951; Blöschl and Sivapalan 1995; Ghil 2002). Some of 
this variability and their extremes have been associated with 
the phase of various large-scale ocean-atmospheric anoma-
lies (teleconnections), such as El Niño-Southern Oscillation 
(ENSO). Which teleconnection, and to what extent they in-
fluence geophysical variables varies. For example, the con-
sideration of teleconnection patterns has proven useful for 
streamflow forecasting (Engström and Uvo 2016; Hamlet and 
Lettenmaier 1999; Ng et al. 2017; Villarini et al. 2013). Flash 
drought occurrence in the United States has also been linked 
to the phases of various teleconnection patterns (Lesinger and 
Tian 2022; Christian et al. 2024), indicating that the influence 
of these large-scale anomalies can lead to both long-lasting as 
well as brief hydroclimatic extremes. As such, the phenome-
non of a rapid change in hydroclimatic conditions is not new 
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per se; rather have these types of phenomena have received 
more attention in recent decades, possibly due to the exponen-
tial growth in high resolution data availability, but also due to 
a growing interest in extremes as these events are becoming 
more common and severe due to climate change (IPCC 2021).

Droughts and floods are ‘two sides of the same coin’ but are 
typically evaluated separately in terms of their physical mech-
anisms, causes, trends and impacts. However, temporal se-
quencing of these events can result in compounding impacts 
that differ or may even exceed what either event might have 
done independently. For example, soil hardened by a drought 
absorbs less precipitation and can in some cases increase the 
risk for (flash) flooding following heavy rain events (Descroix 
et al. 2009; Barendrecht et al. 2024; Parry et al. 2016).

There are several names given to these consecutive or short-
term ‘flips’ between hydrometeorological extremes of dry and 
wet, which here is simply referred to as ‘whiplash’ events, no-
menclature first used in the peer-reviewed literature by Swain 
et al. (2018). Other examples include ‘Precipitation reversal’ as 
the wording used by Goodrich and Ellis  (2008), while Rashid 
and Wahl  (2022) uses the term ‘consecutive dry and wet ex-
treme’, and Qing et al. (2023) calls it ‘drought and pluvial tran-
sition’. Over the past decade, interest in whiplash has increased 
as we have observed changes in hydroclimatic extremes, and as 
we anticipate an increase in the variability of extreme events in a 
warming climate (e.g., Swain et al. 2018; He and Sheffield 2020; 
Rashid and Wahl  2022; Raymond et  al.  2022). High-impact 
events linked to whiplash have also occurred in recent years, 
such as system failures—including the 2017 Oroville Dam fail-
ure in California (Vahedifard et  al.  2017), the Southern Great 
Plains drought to pluvial spring of 2015 which led to extensive 
flooding (Wugofski 2019), increases in wildfire activity (Touma 
et al. 2022), degradation of water quality (Loecke et al. 2017) and 
more challenging conditions for water resource managers who 
may need to switch quickly between contradictory management 
decisions, such as between flood control and long-term water 
storage needs.

This review of the current body of knowledge on precipitation 
whiplash focuses on studies for the continental United States 
(CONUS), including how researchers have chosen to define 
the event and under what context(s); its meteorological drivers, 
ranging from local to planetary scales; the role of anthropogenic 
climate change on whiplash trends; and its impacts to sectors 
such as water resources, infrastructure, agriculture and society. 
Additionally, the current state of understanding of this topic is 
discussed, and areas for further study are suggested. We hope 
that this article will be a resource for researchers and profes-
sionals who have a vested interest in understanding precipi-
tation whiplash. This paper is organised as follows: First, the 
methodology used for identifying and reviewing the literature 
is described. Next, the findings are presented, grouped into defi-
nition of events, the driving meteorology and the impacts of the 
events. Lastly, the discussion summarises the findings and sug-
gests future directions of study.

2   |   Methods

This paper takes a systematic review approach (Berrang-Ford 
et al. 2015) and aims to be an assessment and summary of the 
current state of knowledge in the field of precipitation whiplash 
events in the United States, recognising both drought-pluvial 
and pluvial-drought. To accomplish this, a number of key terms 
were defined (Table 1) that then were used to search for relevant 
literature. Although meteorological whiplash events are not new 
as a weather phenomenon, their first description and definition 
in the scientific literature was relatively recent, with (Swain 
et  al.  2018) being arguably the first to use the term whiplash 
explicitly. Due to the relative novelty of the concept of meteoro-
logical whiplash events, no time limitations were given on the 
publication dates, and the term ‘whiplash’ was not included in 
all searches, to avoid excluding relevant papers which might use 
different terminology.

The search was limited to government reports, peer-reviewed 
journal articles and student theses and dissertations written in 

TABLE 1    |    Results from the literature search, including search terms used, databases, number of papers returned and retained based on an initial 
screening. Words in quotations refer to exact phrasing used. Phrases ending with * indicate that the search engine can treat each word as separate. 
Words separated by commas or semicolons are simple lists of keywords.

Search term/keyword (s) Database
Number of papers 

returned
Number of 

papers retained

Precipitation whiplash*; USA; rainfall; United States* Google Scholar 56 15

‘Drought and pluvial’; United States*; variability; 
compound; rainfall

Google Scholar 227 22

‘Precipitation whiplash’; transportation; agriculture; 
society; water resources*, infrastructure

Google Scholar 19 6

Precipitation whiplash USA* Web of Science 9 8

Compound rainfall* United States* Web of Science 796 1

Precipitation whiplash hwater resources* Web of Science 6 4

Flood, drought, variability, precipitation, volatility Web of Science 7 0

Total 1120 56
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English. Two different databases were used in the search for 
publications: Google Scholar and Web of Science. The keywords 
were first determined and used in Google Scholar. Next, they 
were used in Web of Science, but as this yielded an extreme 
number of publications, few of which were relevant, the number 
of keywords used in each search in Web of Science was reduced 
(see Table 1).

Next, the articles retained from the searches were compiled into 
one list, and duplicates and unrelated titles were removed, re-
sulting in 56 articles being kept for further in-depth review. In 
this review process, the number of articles was further reduced 
to 41, and the remaining articles were categorised depending on 
their content into one or multiple of the following categories: 
Driving Meteorology, Definition of Event and Impact of Event 
(Figure 1).

Figure  2 reflects the relative novelty of the concept of meteo-
rological whiplash events, as the first study published on the 
phenomenon that was identified in this search is from the year 
2007 (van der Schrier and Barkmeijer 2007). The number of pub-
lications on the topic was sporadic until 2017, after which the 
interest and recognition of the topic have increased.

This review considers scientific literature on meteorological whip-
lash events impacting the United States. This search resulted pri-
marily in regional and continental studies, but global studies are 
also included if they report findings for the United States. The map 
in Figure 3 shows the study areas of the papers included in this 
review. Some articles used general names for geographical regions, 
such as ‘the Midwest’ (Chen and Ford 2023; Ford et al. 2021) or 
‘Southern Great Plains’ (Puxley et al. 2024; Wugofski 2019; Steiner 
and Anderson 2015), the extent of which is somewhat subjective. 

FIGURE 1    |    Flow chart of methods and number of papers in each category. The total number of papers does not add up, as some papers tackle 
multiple themes (e.g., both a definition and a meteorology section), which leads to duplicate counts. [Colour figure can be viewed at wileyonlineli-
brary.com]
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In these cases, only the states that are either specifically men-
tioned in the article's text, or whose borders are fully within the 
maps presented in the article are included.

As can be seen in the maps in Figure 3, certain regions of the U.S. 
have been subject to more whiplash studies than others. Oklahoma 

and California have been included in the most studies, four each, 
while the majority of the states on the east coast, a cluster of states 
in north-central United States, Hawaii, and Alaska have not been 
part of any regional studies. All of the U.S. was considered in two 
studies, the North American continent in four studies, and 12 stud-
ies were global and included results for the United States.

3   |   U.S. Precipitation Whiplash Definitions

After initial review, 19 articles were classified as containing a 
whiplash event definition. A more thorough analysis of these 
19 papers resulted in the exclusion of four which were deemed 
off topic or duplicates. The definition of a whiplash event was 
evaluated based on (1) what type of data were used to identify 
the extremes, including the thresholds for a drought and pluvial 
respectively and (2) the timescale(s) considered for the shift from 
drought to pluvial (or vice versa).

3.1   |   Data Used to Identify Whiplash Events

Different types of precipitation data dominate the whiplash 
analyses reviewed here. Eight studies use precipitation data 
which is either accumulated for a time period of interest (e.g., 
monthly, seasonal, or annual) or converted into a running 

FIGURE 2    |    Number of publications per year. The first paper on the 
topic was published in 2007, but the term ‘whiplash’ was not used until 
2018.

FIGURE 3    |    Maps indicating the number of studies focused on (a) the United States, (b) North America, (c) an international scale, but reporting 
results for the United States and (d) the number of times different states within the country have been part of a regional study.
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mean or anomalies over various timescales (Aylward and 
Oliveira  2020; Loecke et  al.  2017; McKinnon and Deser  2021; 
Puxley et al. 2024; Raymond et al. 2022; Swain et al. 2018; Tan 
et al. 2023).

Precipitation-derived products are also re-occurring among 
the studies, the most prevalent being drought metrics. One ex-
ample is the Standardised Precipitation Index (SPI), which is 
an index of the probability of the observed precipitation that 
can be calculated on different time scales (McKee et al. 1993). 
This review demonstrates that SPI is one of the most used data 
sources for identifying whiplash events (Cheng and Liu  2022; 
Chen and Ford 2023; Ford et al. 2021; Francis et al. 2022; He and 
Sheffield 2020) but the SPI values considered a drought vs. a plu-
vial vary significantly. Loecke et al. (2017) and Swain et al. (2018) 
use an SPI value of − (+) 1.6 to define drought (wet) conditions, 
guided by the U.S. Drought Monitor's threshold for extreme 
drought. A few studies use the less conservative SPI value of (±) 
1, which roughly corresponds to the 16th and 84th percentiles of 
the precipitation distribution (Aylward and Oliveira 2020; Tan 
et al. 2023). Three studies used soil moisture data in conjunction 
with SPI to more accurately reflect ground conditions (Aylward 
and Oliveira  2020; He and Sheffield  2020; Qing et  al.  2023). 
Another dataset that has proven useful in whiplash research is 
the Standardised Precipitation Evapotranspiration Index (SPEI) 
(Vicente-Serrano et al. 2010) which, in addition to precipitation, 
includes temperature data and can capture droughts that are in-
tensifying because of the compound impact of precipitation defi-
cit and high temperatures. The studies that used the SPEI index 
required it to reach ±1 to represent a pluvial (drought) (Rezvani 
et al. 2023; Rashid and Wahl 2022).

A suite of projected future precipitation data products from var-
ious climate models was also used in the studies that considered 
how extreme hydrologic swings, such as whiplash events, might 
be impacted by climate change (Chen and Ford  2023; Loecke 
et al. 2017). In these cases, whiplash information was typically 
derived based on cumulative precipitation thresholds.

3.2   |   Timescale of the Whiplash Event

The time scales set consider both the length of sustained drought/
pluvial conditions, and in most cases also the time window for 
the ‘flip’ between wet and dry conditions. A few studies also 
limit the timing of the extremes to certain seasons and months 
of the year, typically linked to the regional water year (Loecke 
et al. 2017; Aylward and Oliveira 2020; Swain et al. 2018), while 
the majority of the articles take an unconditional approach, in-
cluding droughts and pluvials occurring any time of the year.

Nine studies considered intra-annual fluctuations, four interan-
nual variations and an additional two papers considered both the 
intra- and inter annual time scales. On the intra-annual scale, 
the shortest time frame was defined by Francis et al. (2022), who 
defined a weather whiplash event as ‘a long-lived (four or more 
consecutive days), continental-scale pattern in the upper-level 
circulation that shifts markedly and rapidly (over 1–2 days) to 
another substantially different (but not necessarily long-lived) 
pattern, bringing an abrupt end to persistent weather condi-
tions’ (Francis et al. 2022, 3), meaning that the whole whiplash 

event could last less than 1 week. The same paper is also one of 
the few that mentions the spatial scale of the event, although it 
is not clearly defined. The paper recognises that the circulation 
shifts can lead to hydrologic whiplash, but does not include a 
definition of the hydrologic extremes per se. The second shortest 
time scale for a whiplash event was defined by Qing et al. (2023), 
who set the minimum duration of a drought event to 15 days, 
followed by a minimum of 5 days of the other extreme. The same 
study is also the only one in this review which uses different 
datasets for their definition of dry (soil moisture) and wet con-
ditions (precipitation). Considering this very short time frame, 
and that soil moisture, which often is used as an indicator of ag-
ricultural drought (Liu et al. 2016; Sánchez et al. 2018), is used, 
rendering this definition to only capture truly extreme whiplash 
events.

Several studies considered multiple time scales when trying to 
identify whiplash events in a precipitation time series. For ex-
ample, 1, 3 and 6-month SPI averages were used by Chen and 
Ford (2023) and Ford et al. (2021). Table 2 is a summary of the 
definitions of the hydrological extremes, datasets used and de-
tails regarding the temporal length of the transition.

4   |   Meteorological and Climatological Drivers

Our literature sample included 28 papers that included a focus 
on meteorology (synoptic-dynamic evolution), climate variabil-
ity and/or climate change. In most cases, more than one of these 
topics was considered in each article. Nearly 60% of papers in-
volved analysis of the effects of climate change on whiplash; 
around 40% focused on synoptic-dynamic evolution, often in 
conjunction with the above. Only four papers analysed the role 
of natural variability (e.g., teleconnections).

4.1   |   Meteorological Evolution

The meteorological ‘ingredients’ for whiplash events (or con-
secutive dry-pluvial transitions) have not been examined exten-
sively, instead, much of our understanding derives from studies 
that explore drought or pluvial independently. For example, in 
the southeastern U.S., drought onset and persistence are linked 
to warm season reversal in moisture convergence, resulting in 
zonal moisture divergence and only very weak meridional con-
vergence, which is attributed to a strengthening or westward 
and northward displacement of the North American Subtropical 
High (NASH) into the interior CONUS. Conversely, pluvial pe-
riods are notable for sustained and unusually strong meridional 
moisture convergence (Kam et  al.  2014), meaning that mois-
ture is persistently being sourced from the tropical Caribbean. 
During the cool season, a typical pattern of drought is a west 
U.S. ridge and east U.S. trough anomaly, which produces dry 
continental northwesterly flow over the domain, also noted by 
Dong et al. 2011 for the drought period of a drought-pluvial tran-
sition in the U.S. Southern Great Plains (SGP).

Over the Great Plains, pluvial events are linked to a higher fre-
quency of synoptic wave (low pressure) activity, which, like the 
southeast, aids in transporting rich moisture northward and 
can aid in enhancing precipitation efficiency (Wugofski  2019; 
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Dong et al. 2011). Drought in the plains is linked to the north-
ward displacement of the subtropical jet and a weakening 
or eastward movement of the NASH, which weakens north-
ward moisture transport via the low-level Jet (LLJ) (Basara 
et al. 2013). Additionally, the high-low dipole anomaly between 
the western and northern/eastern U.S. (respectively) is effective 
at suppressing the LLJ (Dong et  al.  2011) Therefore, between 
these two regions, the movement and intensity of the NASH 
during the warm season are potential factors in how much or 
how often whiplash events occur. The Southern Plains is also 
influenced by continental high pressure, where pluvial condi-
tions in the Plains states can be aided by anomalous ridging over 
the Midwest, which promotes southerly flow from the Gulf of 
Mexico (Dong et al. 2011).

Elsewhere in CONUS, pluvial-drought transitions can also be 
linked to whether the climatological storm tracks are active or 
suppressed, such as for the western CONUS, which is influ-
enced by the strength and position of the north Pacific (Aleutian) 
low (Swain et al. 2018). Along the Atlantic and Gulf of Mexico 
coastlines, some whiplash events may be contributed to by trop-
ical storms or disturbances in otherwise dry synoptic regimes 
(Song  2022). Precipitation reversals may also be linked to ac-
tive Rossby wave trains and specifically Rossby wave breaking, 
which create anomalous wind flow in the lower troposphere 
that can result in blocking and near-stationary flow, allowing 
the atmosphere to maintain a particular state (e.g., unusually 
dry, warm, or cool and wet) over days to weeks (e.g., de Vries 
et al. 2024).

In terms of the overall probability, or risk, of occurrence, the 
Central U.S. is presently one of the continental U.S. ‘hotspots’ f 
activity (Rashid and Wahl 2022), extending through the Plains 
states into interior Canada (Wheaton et  al.  2023). In parts of 
this region, it is estimated as a 25% chance that a drought year 
is followed by a pluvial year (He and Sheffield 2020; Christian 
et al. 2015). The odds of an event occurring in the warm (gen-
erally defined as April–September) and cool (October–March) 
seasons depend on that region's precipitation climatology. 
Whiplash at shorter time scales (e.g., 1–6 months) tends to be 
linked to the seasonality of precipitation, where events can be 
associated with the delayed onset of traditionally wet periods, 
or early cessation, or an intensification of climatological transi-
tions (Mullens 2023).

Scaling down to the land-surface level, a few studies have ex-
plored potential relationships between drought, pluvial, their 
transition and land-atmosphere interactions (Basara et al. 2013; 
Qing et al. 2023). These processes, and the strength of the cou-
pling, appear to change depending on whether the antecedent 
conditions are dry or wet, with dry condition favouring a nega-
tive soil moisture—moisture convergence feedback. In this case, 
a dry surface and subsurface increases surface heating, vertical 
ascent through the formation of a thermal low, and subsequent 
low-level convergence. Thus, the dry condition results in local 
flow that favours moisture import and can lead to a transition 
from dry to wet conditions. On the other hand, a dry surface 
can exacerbate drought through lowering albedo, increasing 
sensible heat fluxes and reducing evapotranspiration. Which of 
these processes ‘wins’ likely relates to specific in situ condition, 
proximity to remote water sources and ability for air to rise. In A
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antecedent wet conditions, one proposed pathway for whiplash 
is through a negative soil moisture-latent heat feedback, where 
removal of soil moisture through latent heat flux contributes to 
atmospheric moisture and thus precipitation. Despite the poten-
tial for local to regional influences of land surface, most cases 
of whiplash are primarily controlled by the large-scale environ-
ment (Qing et al. 2023).

This section identifies that there is a significant body of work 
studying drought and pluvial conditions and their evolutions; 
however, the synoptic-dynamic evolutions of reversals in 
drought and pluvial (whiplash) were not a primary focus of any 
of the studies summarised here, indicating the topic is widely 
open for further study.

4.2   |   Relationships With Natural Variability

Given that whiplash is the product of synoptic-scale anomalies, 
it could be expected that its evolution may be related to plane-
tary modes of variability; however, the overall body of knowl-
edge in this aspect for CONUS remains thin. Studies considered 
in this paper largely derive from the southern tier of the United 
States and from global studies. In the southern U.S., drought-
pluvial transitions have been linked to phase changes of the El 
Niño Southern Oscillation (ENSO) (Goodrich and Ellis  2008; 
Rashid and Wahl 2022). For example, in the southwestern U.S., 
large dry-to-wet reversals between consecutive winter (peak 
precipitation) seasons were associated with neutral to El Niño 
conditions, while wet-to-dry was associated with El Niño to La 
Niña or El Niño to neutral (Goodrich and Ellis 2008). The phys-
ical mechanisms for this year-to-year whiplash could be linked 
to the movement of the Pacific jet streams. During El Niño, a 
strengthened subtropical jet promotes more frequent cyclonic 
activity over the U.S. southwest, which is conducive to pluvials, 
but neutral and, in particular, La Niña, promote a more variable 
and northerly displaced storm track, which favours drier win-
ters. However, not every transition is associated with a whiplash 
event. In fact, for their more localised study of large reservoirs 
in Arizona, Goodrich and Ellis noted that transitions between 
ENSO phases were not good predictors of precipitation reversals, 
and that the largest consecutive wet (winter) season whiplash 
events in their dataset were entirely in a neutral phase. Goodrich 
and Ellis (2008) suggest a role for other modes of variability as 
well, including the Atlantic Multidecadal Oscillation (AMO), 
East Pacific Oscillation and Pacific North American Pattern 
(PNA), which were all significantly associated with precipita-
tion reversals in their study area. During seven winters with 
ENSO neutral and positive PNA, large wet-to-dry reversals oc-
curred in every case. The authors note that a positive PNA under 
El Niño typically increases precipitation, but that the situation 
is reversed when ENSO is neutral. The varying and compound-
ing relationships between multiple modes of variability indicate 
the complexity of relationships between natural variability and 
whiplash, especially at the regional-local scales.

In the Great Plains, there are inconsistent associations between 
ENSO and drought or pluvial (Basara et al. 2013). More broadly, 
warmer (cooler) Pacific SSTs are linked to more (less) precip-
itation. This is linked to a strengthening of the Hadley circu-
lation, and thus enhanced subsidence over the Gulf of Mexico 

and southern and eastern United States. A warm Atlantic (pos-
itive AMO) can also exacerbate drought due to weakening the 
low-level jet; thus, the inverse of these conditions may associate 
with pluvials. However, since the AMO is slowly varying, vari-
ations in this phase are not responsible for short-term whiplash, 
but the overarching AMO phase may potentially modulate the 
influence of other higher-frequency modes of variability. Dong 
et al. (2011) note the potential role of the West Pacific (WP) tele-
connection, which is characterised in its positive phase as higher 
heights/pressure over the central and western northern Pacific 
and lower height over the Aleutian and sub-arctic north Pacific 
and eastern Pacific west of the United States. The positive phase 
of the WP and the PNA were both significantly correlated to cy-
clonic activity over the southern United States, associated with 
a southward displacement of the jet stream, resulting in pluvial 
conditions; thus, implying that phase changes in these patterns 
can promote drought-pluvial transitions.

Based on the findings presented here, there is considerably more 
understanding of the role of natural variability on independent 
cases of drought and pluvial, but very little on their combina-
tion. Therefore, further studies of how precipitation whiplash 
(reversals) respond to various modes of variability over CONUS 
are warranted, as elucidating these processes more clearly could 
potentially provide insights into the predictability of whiplash 
on seasonal to sub-seasonal timescales.

4.3   |   Influence of Climate Change

Given the propensity for the literature sample to contain analy-
sis of climate change on whiplash frequency and/or magnitude 
(17 papers, roughly 60% of our meteorology and physical pro-
cess sample), there has been generally more attention paid to 
understanding whiplash in a changing climate, compared to its 
causal mechanisms. As is described below, the results of these 
climate projection studies point toward an increase in whiplash 
frequency over the 21st century over CONUS; however, studies 
of past observational or reanalysis-based trends have shown 
mixed evidence of secular trends to the present day (Rashid and 
Wahl 2022; He and Sheffield 2020; Stevenson et al. 2022), includ-
ing no trend (Rashid and Wahl  2022; He and Sheffield  2020), 
a decrease in the interval between a drought or pluvial condi-
tion, an increase in persistence of dry and pluvial periods and a 
tendency for a larger change in pluvial magnitude as compared 
with drought (Stevenson et al. 2022).

For the western United States, climate change studies have been 
in part motivated by the impacts of compounding extremes, 
such as drought and wildfire followed by pluvial periods being 
associated with landslides, or antecedent pluvial followed by 
drying resulting in green up of vegetation that later results in 
enhancing wildfire risk (Swain et al. 2018; Touma et al. 2022). 
Consecutive rainy (winter) season projections for the southwest 
suggest an increase in whiplash, which was attributed to syn-
optic mechanisms that govern current wet and dry conditions, 
such as anomalous high- or low-pressure systems and blocking 
(Swain et al. 2018); however, there is an increase in variability 
between them. Under higher future moisture availability, plu-
vial periods are enhanced and dry periods are a result of an 
increase in the strength or persistence of high pressure, which 
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opposes any role of higher climatological moisture. Moreover, 
alongside an increase in heavy precipitation days, there is ev-
idence of higher wildfire risk, as estimated based on climate 
model projections of the fire weather index (product of tempera-
ture, humidity and wind speeds) and a shortening of the interval 
between their occurrence (Touma et al. 2022). The trend was at-
tributed to an increase in fall and winter precipitation followed 
by drying in the subsequent warm season. In contrast, studies 
that examined possible changes to warm season rainfall from 
the North American Monsoon showed little evidence of changes 
in whiplash linked to monsoon variability in a warmer climate 
(Tan et al. 2023).

More broadly and globally, year-to-year whiplash events (i.e., 
pluvial year followed by dry, or vice versa) were projected to 
increase in frequency by 10%–25% (using the RCP4.5 emissions 
pathway, Raymond et al. 2022). Another study using the large-
ensemble Community Earth System climate Model version 1 
(CESM-LENS) under an RCP8.5 emissions pathway, and 55 real-
isations of 22 CMIP6 models under high emissions, corroborates 
this finding, in this case with month-to-month precipitation 
whiplash (based on 30-day running accumulations) suggesting 
global increases in whiplash frequency and the risk of experienc-
ing whiplash (~ +55%) by the late 21st century (Tan et al. 2023). 
Cheng and Liu (2022) use probability analysis to project an in-
crease in land areas with a 50% or greater probability of experi-
encing a dry-wet transition on interannual timescales, including 
a hotspot in eastern North America. A smaller model ensemble 
by (Chen and Ford 2023), also evaluating year-to-year reversals, 
produced global increases in frequency by 25%–60%. Globally, 
Chen et  al. noted the greatest climate-change contributed in-
crease in whiplash frequency in the transition zones between 
the subtropics and midlatitudes, and a propensity for changes 
in the frequency and magnitudes of whiplash events to be gov-
erned by the magnitude of the pluvial phase (i.e., wet periods be-
coming much wetter). Over North America, the relative change 
in whiplash (at 30-day running accumulation timescales) in-
creases more over the west and north (Tan et al. 2023), backed 
for the U.S. west and southwest by a few studies including (Swain 
et al. 2018; Chen and Ford 2023). However, (Tan et al. 2023) find 
most of the continent has more than 90% of ensemble members 
agreeing with the sign of the change. Duration between drought 
and pluvial peaks in this study shows a decline that largely fails 
to be statistically significant, but intensity shows a robust uptick 
for almost all of North America.

The apparent evidence from these studies points to a relatively 
consistent picture of future increases in whiplash, even when 
the authors have utilised different study domains, definitions, 
data and tools. However, most studies explore trends rather than 
physical processes conducive to whiplash, and their represen-
tation in climate models. There is also a large gap in regional 
analyses outside of the western United States which could be 
addressed with further research.

5   |   Impacts and Case Studies

Our literature sample included approximately 16 papers where 
effort was made to discuss specific and expected impacts of whip-
lash events. Figure 4 shows a word map (panel a) constructed 

from the introduction and motivation sections of these articles, 
and panel b shows quantitative summary information on the 
breakdown of topic areas and the proportion of these impact ar-
ticles that considered three prominent focus areas qualitatively 
(general description, no specific analysis – Qual) and quan-
titatively (focus of paper, effort to make connection between 
whiplash and impact – Quant). The three key topics discussed 
below were prominently listed among the impacts of concern, as 
shown in Figure 4a. However, Figure 4b indicates the number 
of specific quantitative analyses on relationships between whip-
lash and impacts was very small.

5.1   |   Water Resources

Whiplash events are linked to a mixture of impacts to water 
quality, water quantity and management. Most studies sampled 
in this review paper, however, only provide a general description 
of potential impact as part of a motivation statement, rather than 
a quantitative or detailed analysis of cause and effect. Stated 
impacts include an increase in interannual volatility being 
linked to complicating water management strategies (Raymond 
et al. 2022; He and Sheffield 2020; Ford et al. 2021; Rashid and 
Wahl 2022; Dąbrowska et al. 2023) presumably because of less 
predictability in precipitation and faster transitions between dry 
and pluvial conditions creating opposing management decisions 
at relatively short notice. For example, during drought, water 
resource managers will act to conserve water resources, such 
as increased water storage in dams and reservoirs. In a pluvial, 
however, water must often be released to avoid dam failure (He 
and Sheffield 2020).

Goodrich and Ellis (2008) explore hydrologic response of large 
(case example: Salt Watershed) and small (case example: Verde 
watershed) reservoirs that supply water to Phoenix, Arizona. In 
their analysis, which spans from mid-20th century through to a 
record-breaking pluvial winter 2004/5, they identify that larger 
reservoirs are impacted primarily by dry to wet transition be-
tween successive winters (peak synoptic-scale precipitation sea-
son for the southwest), and small reservoirs impacted by wet to 
dry transitions. They contend that overall, risks are enhanced for 
municipalities that rely on smaller reservoirs due to water vol-
umes being more influenced by seasonal and annual variability 
of water input. In terms of the potential for water infrastructure 
damage, Rashid and Wahl (2022) and He and Sheffield (2020), 
following (Vahedifard et al. 2017) cite the failure of the Oroville 
dam in California in February 2017. The meteorological con-
ditions prior to this event were a persistent multi-year drought 
until 2016, followed by an exceptional pluvial during the win-
ter of 2016/17 contributed by frequent high-impact atmospheric 
rivers. While the role these conditions played in the Dam fail-
ure was not explored, the coincidence of these conditions to the 
event suggests a relationship exists.

He and Sheffield  (2020) note further examples of significant 
drought-pluvial transition events that resulted in coincident 
damage and disruption, including a fast transition to pluvial 
during fall 2015 over South Carolina, where drought was ame-
liorated by a deep moisture plume contributed by Hurricane 
Joaquin, and maintained over the region by a stationary front. 
Likewise, the Southern Plains extensive drought of 2011–15 was 
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suddenly terminated in Spring of 2015 by a 3-month pluvial, 
described by Wugofski  (2019). This event produced extensive 
flooding, road closures and scouring, infrastructure damage 
and property damage to the region. He and Sheffield contend 
that the precursor changes in vegetation and landscape owing to 
the drought may have exacerbated impacts from the subsequent 
pluvial. Issues of vegetation change during drought are noted 
in western U.S. studies on drought and include vegetation loss 
from wildfire and an increase in soil density and surface im-
permeability (Touma et al. 2022; Tan et al. 2023). A subsequent 
pluvial is therefore more likely to result in initially substantial 
runoff, flooding and landslides or erosion before the water can 
percolate into the deeper subsurface.

Water quality issues associated with whiplash were explicitly 
examined by Loecke et al. (2017) for the 2012–2013 Midwestern 
U.S. drought-pluvial transition. They note that the drought 
likely increased nitrogen loading in soils, which was then mobil-
ised during the spring pluvial. This excess nitrogen then ran off 
into rivers and streams, estimated as 34% above the typical flow 
mean-weighted mean in concentration. The authors conclude 
that precipitation whiplash has a discernible negative impact on 

water quality to the extent that EPA drinking water standards 
may not be met under similar or worse conditions in the future.

Notably, while there are substantial negative effects of whiplash 
on water resources and management, the above-documented 
examples of seasonal and interannual whiplash, particularly 
pluvial following drought, have been beneficial to the replenish-
ment of reservoirs when it was sorely needed (Puxley et al. 2024; 
Christian et al. 2015; Rezvani et al. 2023; Wheaton et al. 2023). 
This comes with adverse impacts associated with excess water, 
but it can be a boon for water storage and provide relief from 
drought management. Over the longer term, however, the com-
plexity of managing higher variability is apparent in scenario 
planning and prediction for water management. For example, 
(Albano et al. 2021) in structured interviews and scenario-based 
exercises for western water professionals noted that respondents 
found the high variability scenario to particularly highlight ad-
verse effects to certain river basins, such as the Truckee River 
that helps to supply Reno–Sparks, NV, municipal water. In this 
scenario, respondents noted that reduced upstream reservoir 
capture during repeated wet years can result in lessened re-
serves during subsequent droughts.

FIGURE 4    |    (a) Word-cloud highlighting frequently used language within introduction and motivation sections of articles where impacts were 
specifically mentioned. The size of the word reflects the normal logarithm of the frequency of use, truncated to the top 200 words. Panel (b) shows 
the percentage of impact papers which included qualitative (Qual) or quantitative (Quant) information on three primary topics. The word-cloud gen-
erator used for this analysis was courtesy of Jason Davis, https://​www.​jason​davies.​com/​wordc​loud/​.
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5.2   |   Agriculture

Agricultural productivity has historically relied on a relatively 
stable and predictable climate, and crop or economic loss is 
tied to both drought and extreme pluvial. In the former case, 
drought results in poor crop and livestock outcomes due to a 
lack of water resources, especially when coupled with extreme 
heat (e.g., Steiner and Anderson  2015). Pluvial conditions 
flood fields, increase erosion, promote disease and produce 
low yields and economic damage to farmholders. Productive 
regions of the United States are also those vulnerable to 
weather whiplash, including the Great Plains, Midwest and 
Southwest (California).

While whiplash is not explicitly examined, (Steiner and 
Anderson 2015) note that high variability is already endemic 
to the U.S. Southern Plains and cites both increased fre-
quency and intensity of drought as well as exceptional rainfall 
and flash flooding as primary concerns in the region. Ford 
et  al.  (2021) evaluate whiplash trends in the U.S. Midwest, 
motivated by the agriculture-based economy of the region. 
The 2011–2013 precipitation reversal (drought to pluvial) was 
linked to nutrient runoff from agricultural fields, as investi-
gated by Loecke et al. (2017). Events that occur during sensi-
tive portions of the growing season – particularly wet to dry 
events before or during the season, are linked to poor crop 
outcomes (Dixon and Segerson  1999; Basara et  al.  2013; Liu 
and Basso  2020). Authors of these regional studies note the 
concern over potential increases in future whiplash as a mech-
anism for increasing exposure to adverse agricultural im-
pacts. Ford et al. (2021) make a connection between whiplash 
and ‘flash drought’, defined as a rapid, typically sub-monthly, 
onset of drought (Otkin et  al.  2015; Christian et  al.  2015). 
Trends in flash drought and whiplash in the Midwest, char-
acterised by 90- to 180-day transitions between pluvial and 
drought, both follow similar patterns (Basara et  al.  2013), 
manifested as a decrease in transition time between dry and 
wet states, and an increase in flash drought frequency. While 
each of these studies provide valuable qualitative information 
on impact, none of the papers in our sample focused directly 
on quantifying or measuring specific impacts from whiplash 
on agriculture, leaving this topic very open and necessary as 
an avenue of future work.

5.3   |   Society and Ecosystems

The primary cited impacts of whiplash on society and ecol-
ogy include damage from erosion, landslides and flooding and 
wildfires, with these impacts often compounding and accen-
tuating damage. For example, landslides in the U.S. west have 
been strongly linked to antecedent wildfire activity, which 
strips the land of trees and bushes that stabilise the slope 
soils. Therefore, drought and wildfire activity followed by 
pluvial conditions are concerns for exacerbation of landslide 
risk (Touma et al. 2022; Raymond et al. 2022; Tan et al. 2023; 
Puxley et  al.  2024). Another stated causal mechanism for 
wildfire increases is when pluvial conditions during the grow-
ing or ‘greening’ seasons (e.g., warm season) are followed 
by a rapid onset or severe drought. This provides enhanced 
available fuel for fire activity under the dry regime when 

vegetation is both plentiful and becoming increasingly desic-
cated through evapotranspiration (Goodrich and Ellis  2008; 
Puxley et al. 2024; Tan et al. 2023).

Touma et  al.  2022 specifically explore relationships be-
tween whiplash and wildfire frequency. They note that pre-
vious highly damaging debris flows have occurred under the 
above circumstances, such as the December 2017 Thomas 
fire in California being succeeded by an intense rainfall 
event in a similar area a month later, resulting in debris 
flows in Montecito, 23 fatalities, and over $200 million in 
property damage. They calculate a forest fire weather risk 
index (FWI), based on a Canadian index of the same name 
(Van Wagner 1987) to quantify the frequency of extreme fire 
weather days (top 0.1% of the FWI) and evaluate its tempo-
ral and spatial links with extreme precipitation (top 0.1% of 
daily precipitation by magnitude) through defining various 
temporal periods of high precipitation followed by wildfire 
(3-months to 1-year—or ‘compound length’) under a changing 
climate using CESM1-LE. In all study regions (western U.S.) 
and projections, there were indications, many significant, of 
relationships between the variables, which varied geospatially 
and in timing (e.g., time of year the precipitation increases are 
most significant to wildfire activity), depending on the com-
pound length.

Aylward and Oliveira (2020) explore wildfire links to economic 
damages in the western United States (12th Economic District). 
They use a wildfire hazard potential index (or ‘WHP’, Dillon 
et  al.  2015), categorising it as ‘elevated’ or ‘mild’ and project-
ing its magnitude to 2040 by building a regression-based model 
that relates the WHP to precipitation, variability (whiplash) and 
temperature. Their result produces a statistically significant re-
lationship between whiplash frequency and higher WHP values. 
Moreover, using county-level economic data, they project an al-
most doubling of economic output exposure to high wildfire risk 
by 2040 ($2.1 trillion–$4.0 trillion), however they note consider-
able uncertainty in these values owing to both climatic and eco-
nomic projections. Outside of the western United States, there 
is little direct analysis of the wildfire and whiplash connection 
in the literature sample. Puxley et  al.  (2024) conjects that the 
pluvial summer–fall 2017 and subsequent dry winter in the 
Southern High Plains may have exacerbated wildfire coverage 
but did not provide a quantitative analysis. None of the studies 
provided information that directly explores ecosystem impacts 
in the U.S. east.

Wildfire was the most frequently explored topic outside of ag-
riculture and water resources. However, a review article by 
Dąbrowska et al. (2023) explores how drought and pluvials can 
impact urban environments globally. Their work did not explic-
itly evaluate whiplash but did note how whiplash can threaten 
efforts to increase and maintain green space through drought 
leading to plant stress, and subsequent heavy rain to enhanced 
erosion, loss of foliage and introduction of pollutants. Given the 
need to mitigate greenhouse gas emissions, which in the urban 
environment can include the addition of green space, an in-
crease in whiplash threatens to undermine the health of these 
spaces. This work also notes how increased variability decreases 
lead time for city officials to manage and prepare for hazards. 
Simpson et al. (2023) explore adaptation under climate change 
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and for compound events globally but note that a minority of 
papers they reviewed (23%) evaluate temporally compound-
ing events quantitatively. The most common vulnerabilities 
expressed in this review included low income, food insecurity 
and limited access to institutional and financial resources. 
Responses to compound events are typically reactive, but over 
time have become more proactive, particularly if a region suf-
fers a notable impact from an adverse event, implying that les-
sons are being learned that can be employed to mitigate future 
hazard.

6   |   Discussion and Conclusion

This paper describes the current state of the science of precipi-
tation whiplash based on studies in the United States. In addi-
tion to quantitative analysis of existing studies, the definitions, 
driving meteorology and impacts of events are analysed and pre-
sented. The study at hand is limited by the language (English) of 
the articles reviewed, as well as the study area (United States). 
There are many papers on precipitation whiplash focusing on 
other regions, particularly in Asia. However, the review con-
ducted here presents a plethora of phenomenon definitions as 
well as a whole suite of different meteorological and climatolog-
ical drivers. Our key messages include:

Firstly, there is a diversity of methods used to define precipita-
tion whiplash, with the most common variables being precipi-
tation data or anomalies at specific thresholds that reflect dry 
and pluvial conditions, or use of drought indices such as SPI and 
SPEI. Temporal variability in definition is particularly striking, 
and some of these shifts, labelled as ‘whiplash’ would simply be 
referred to as year-to-year variability by other researchers in the 
field, but the authors recognise that the selection of the temporal 
period is related to the research questions being addressed. Most 
commonly, whiplash is expressed as changes between dry and 
pluvial periods (and vice versa) over 1 month, 3–6 months (sea-
sonal), consecutive peak wet seasons, or inter-annually.

Secondly, the primary purpose of the studies evaluated here was 
to examine trends in whiplash, meteorological drivers, climate 
projections and relationships to surface impacts. Notable gaps 
exist, particularly in ascertaining the precise causal mechanisms 
of whiplash, and possible relationships to planetary variability. 
Most studies that provide regional to national-scale meteorolog-
ical analysis suggest a ‘tug of war’ between synoptic-dynamic 
regimes that favour dry or pluvial conditions. For example, in 
the Southern United States, the magnitude and extent of the 
North American Subtropical High (NASH), frequency of synop-
tic waves and associated moisture and air mass transport, and 
location and intensity of storm track activity are all implicated in 
precipitation reversals, but that specific cause-effect evolutions 
are not clear from the literature we examined Natural modes of 
variability that have been examined include ENSO, PNA, AMO 
and the West Pacific teleconnection, however the relative dearth 
of work and the lack of detailed qualitative or model-based anal-
ysis means that relationships to whiplash remain preliminary. 
The role of climate change on present and future trends has been 
investigated more than either of the other subcategories and 
shows more general agreement regarding the direction of trends, 
with some regional differences that relate to specifics of the study 

or definitions of whiplash. While there are more mixed results 
regarding historical trends, most climate-projection based stud-
ies suggest an increase in the frequency of whiplash, an increase 
in the intensity—particularly of the pluvial component, and a 
decrease in the ‘break’ periods between whiplash activity. These 
results therefore point to a more variable and extreme hydrocli-
mate for much of the United States under global warming.

Finally, studies that provided information on the impacts of 
whiplash were explored, identifying three key focus areas 
related to water resources, agriculture and society and eco-
systems, the latter of which was dominated by discussion of 
wildfire. Most studies only consider these topics qualitatively, 
meaning that only general inferences between cause (whip-
lash) and effect (impact) are obtained. Several studies do how-
ever attempt to provide quantitative impacts analysis, primarily 
through regional case studies. These examples point to whiplash 
increasing compound wildfire and erosion/debris flow risks in 
the western U.S. and reducing water quality by increasing nitro-
gen loading of soils and then into streams through runoff. Water 
management may also become more complex under whiplash, 
particularly in the management of collected water (e.g., dams 
and reservoirs) that calls for prioritising storage during drought, 
but release during pluvial or sudden extreme precipitation.

The outcomes of this review point to a wealth of potential for 
new research and applications within this topic area. It also 
highlights complexities that remain to be untangled. Suddenly 
onsetting drought and floods (‘flash drought’ and ‘flash flood-
ing’) have been the topic of numerous studies. Due to their rapid 
development and sudden impact, a significant body of literature 
has been dedicated to accurately forecasting and predicting 
these events. Whiplash events, which may contain a flash flood 
and/or drought but also consider the pre-existing condition (a 
drought or flood) are more complex and less understood. The 
compound impacts caused by the consecutive hazards have to 
date largely been ignored, and instead, the drought and flood 
have been analysed separately. The authors suggest that future 
studies of the prediction and impacts of pluvial extremes also 
consider pre-existing conditions, as the ‘starting’ environmental 
conditions will impact the nature of the event, and this approach 
will allow for our understanding of whiplash events to be fur-
ther expanded. More generally, compound extremes have be-
come a recent focus in research as researchers and practitioners 
realise that true understanding of impacts comes from exploring 
the complex whole of the system.

Additionally, to improve our situational awareness, forecasting 
and representation of whiplash in numerical models and climate 
prediction, the drivers of whiplash at its various scales and re-
gions must be examined using synoptic-dynamic perspectives, 
machine learning techniques, statistical analysis, and model 
evaluation. This would also require some consistency in the defi-
nition of whiplash, and ideally the development of a classifica-
tion scheme recognising the various scales of the phenomenon. 
So far to our knowledge, no study has explored multiple sets of 
criteria for whiplash both using varying data, definitions and 
temporal intervals. Such an ensemble approach could provide 
more confidence regarding the nature of historical and projected 
trends. Developing such datasets that track whiplash over time 
and domain could be of considerable use to the wider research 
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community and stakeholders. Such studies also need not be re-
stricted to the data-rich west. The advent of remote-sensing and 
sophisticated reanalysis products, in tandem with in  situ sys-
tems, provides opportunities for global monitoring and analysis.
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