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Abstract: The presence of weather and water whiplash in Mediterranean regions of the world is
analyzed using historical streamflow records from 1926 to 2023, depending on the region. Streamflow
from the United States (California), Italy, Australia, Chile, and South Africa is analyzed using publicly
available databases. Water whiplash—or the rapid shift of wet and dry periods—are compared. Wet
and dry periods are defined based on annual deviations from the historical record average, and
whiplash occurs when there is an abrupt change that overcomes an accommodated deficit or surplus.
Of all the stations, there are more dry years (56%) than wet years (44%) in these regions, along with
similarities in the variances and shifts in extremes (i.e., whiplash). On average, 35% of the years were
defined as water whiplash years in all countries, with the highest levels in the US (California), where
42–53% of the years were whiplash years. The influence of the El Niño–Southern Oscillation (ENSO)
influences Chile and South Africa strongest during the first quarter of the year. This study found that
smaller extreme wet periods and larger and less extreme dry periods are prevalent in Mediterranean
regions. This has implications for water management as adaptation to climate change is considered.

Keywords: streamflow; climate; extremes; ENSO; flood; drought; hydrology

1. Introduction

Extreme, unpredictable climate events can have adverse impacts on water security,
society, and natural ecological systems. Extreme events are predicted to change in cer-
tain climate change hotspots of the world, including California in the United States [1,2].
Of interest in the present study is how Mediterranean regions will change, as they are
characterized by having mild winters with variable precipitation periods, and hot, dry
summers [3,4]. This climate region exists at equal distances from the equator, ranging
between 30◦ North or South and 45◦ North or South. Furthermore, Mediterranean climate
zones fall on the continent’s western side. The five Mediterranean regions around the world
are in California, the Mediterranean Basin in Europe, Western Australia, Chile, and the
Cape of South Africa [3]. Furthermore, these regions are identified in the Koppen–Geiger
Climate Classification world map [4], have cool, damp winters and hot dry summers, and
are highly desirable due to their ideal weather conditions. These regions host agricultural
hotspots, dense populations, and diverse species, making it important to understand their
climate patterns.

A study of California precipitation found that dry to wet events are 25% to 100% more
frequent in California under future climate projections [2]. A global study of Mediterranean
precipitation found a decrease in the frequency of daily precipitation events, combined with
increased amounts in rare extreme events, resulting in more year-to-year variability [5].
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The Mediterranean basin (identified as the region around the Mediterranean Sea) has
been noted as a climate change hotspot, and recent research has shown a strong coupling
between temperature and precipitation, with tendencies for warm-dry anomalies in the
summer and cold-wet anomalies in the winter [6]. This drying over Mediterranean regions
has also been shown in climate change projections (e.g., [7–9]). The impact of hydrological
intensification (or whiplash) was investigated for different regions of the world, and it was
found that large areas of intensification occurred in areas with large reservoir systems in
place, thus allowing for adaption [10].

Previous studies have been limited to extreme precipitation shifts for the regions
noted above [1,2,5]. The work presented here augments past studies by focusing on
water supply, as represented by streamflow, with an aim to understand weather (water)
whiplash phenomena in Mediterranean regions. Weather whiplash is defined as sudden
changes in weather conditions from one extreme to another, such as drought to heavy
precipitation or flooding [1,5,11]. The study presented here is motivated by California’s
switch from having the worst drought on record in 2022 to seeing one of the wettest
years in 2023, relieving the state of drought. Furthermore, the Emilia Romagna region of
Northern Italy has experienced a steady increase in the intensity of rainfall events [12]. The
frequency and intensity of destructive, heavy rainfall events are expected to increase in
this region [13]. The study here compares all global Mediterranean regions based on the
historical streamflow record and whether the whiplash phenomenon is present in other
Mediterranean climate zones.

A further aim in this study is to evaluate the impact of the El Niño–Southern Oscillation
(ENSO) on streamflow in Mediterranean regions. ENSO has been shown to have global
impacts (e.g., [14–19]). These global studies have shown that three of the five Mediterranean
regions investigated in this study are drier during El Niño years. The investigation of
streamflow in this study will provide a broader perspective on integrated water impacts in
these regions. It is important to note that other modes of large-scale climate variability may
have a more significant impact on certain Mediterranean regions. For instance, European
precipitation has been connected to North Atlantic Oscillation (NAO), the Artic Oscillation
(AO), the North Sea Caspian Pattern (NCP), and two indices of Mediterranean Oscillation
(MOI2, WeMOI) [20]. A study of North Africa did not find a significant ENSO effect for
North Africa (a Mediterranean region) [21].

2. Materials and Methods
2.1. Data

Figure 1 and Table 1 present all the streamflow stations used in this study. This includes
four stations in each of the countries of Italy, South Africa, United States (California),
Australia, and Chile.
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Table 1. List of streamflow stations with characteristics for all locations shown in Figure 1.

Station Name ID Location Year
Measured Start Year End Year Latitude Longitude Units

Sacramento Delta at
Sacramento River US1 a California,

USA Water Year 1951 2023 40.94 −122.42 KAF

Happy Isles Bridge
near Yosemite at

Merced River
US2 a California,

USA Water Year 1951 2023 37.73 −119.56 KAF

Mill Creek Near Los
Molinos at Mill River US3 a California,

USA Water Year 1951 2023 40.05 −122.02 KAF

Deer Creek Near Vina
at Deer River US4 a California,

USA Water Year 1951 2023 40.01 −121.95 KAF

Spondigna at Adige
River IT1 b Italy Calendar

Year 1980 2018 46.63 10.60 mm

Sava Near Catez at
Sava River IT2 b Slovenia Calendar

Year 1926 2020 45.89 15.60 MCM

Montecastello at
Fiume Tanaro River IT3 c Italy Calendar

Year 1936 2008 44.94 8.68 m3/s

Farigliano at Fiume
Tanaro River IT4 c Italy Calendar

Year 1942 2008 44.51 7.90 m3/s

Yarragil Brook,
Yarragil Formation at

Murray River
AU1 d Australia Calendar

Year 1952 2022 −32.80 116.12 ML

Donnelly Near
Strickland at Donnelly

River
AU2 d Australia Calendar

Year 1952 2022 −34.33 115.77 ML

Big Brook Near O’Neil
Rd ay Murray River AU3 d Australia Calendar

Year 1983 2022 −32.53 116.04 ML

Wungong Brook near
Vardi Rd at Swan

River
AU4 d Australia Calendar

Year 1981 2022 −32.10 15.98 ML

Chacabuquito at
Aconcagua River CH1 c Chile Calendar

Year 1956 2019 −32.85 −70.51 m3/s

Algarrobal at Elqui
River CH2 c Chile Calendar

Year 1980 2019 −29.99 −70.58 m3/s

Desembocadura at
Biobio River CH3 c Chile Calendar

Year 1969 2019 −36.83 −73.07 m3/s

San Lorezo at
Diguillin River CH4 c Chile Calendar

Year 1960 2019 −36.92 −71.57 m3/s

Dassjes Klip at
Duiwenhoksrivier SA1 c South

Africa
Calendar

Year 1968 2022 −34.25 20.99 m3/s

Grootrivierspoort at
Grootrivier SA2 c South

Africa
Calendar

Year 1965 2022 −33.71 24.61 m3/s

Hagedisberg Outspan
at Kleinrivier SA3 c South

Africa
Calendar

year 1964 2021 −34.40 19.59 m3/s

Melkboom at
Doringrivier SA4 c South

Africa
Calendar

Year 1928 2022 −31.86 18.68 m3/s

Notes: a Data obtained from the United States Geological Survey. b Data obtained from [18]. c Data obtained from
Global Runoff Data Center. d Data obtained from Hydrologic Reference Stations.
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2.1.1. Chile, South Africa and Italy (Global Runoff Data Center)

The streamflow data for Chile (CH1-4), South Africa (SA1-4) and Italy (IT3 and IT4)
were obtained from the Global Runoff Data Centre’s (GRDC) data portal [22]. This data por-
tal provides historical mean daily and monthly river discharge data for over 10,000 stations
globally. From the data portal, four stations from along the Southern and the Western
regions of South Africa, four stations throughout Chile, and two stations in Northeastern
Italy were selected to conduct this study. The retrieved data were monthly mean dis-
charges (m3/s), which were used to calculate the annual mean data (m3/s) for each of the
ten stations.

2.1.2. United States (California) (USGS)

For stations US 1 through 4 (Table 1), mean annual streamflow data were collected
from the U.S. Geological Survey (USGS) NWISWeb Data retrieval [23] for the water years
of 1951–2022, which are measured from October to the following September (defined as
a water year). The four stations are located in the north central part of California in the
United States. The data retrieved from the USGS are in cubic feet per second (ft3/s), and
were converted into kilo-acre feet (KAF) to conduct the study. The 2023 data were based
on a forecast of the water year volume (made on 1 April 2023) provided by the National
Oceanic and Atmospheric Administration’s (NOAA) California Nevada River Forecast
Center [24].

2.1.3. Italy

For station IT1 (Table 1), annual modeled streamflow data were acquired from previous
research [25–27]. For station IT2 (Table 1), streamflow data were obtained from the Catez
gauge, located on the Sava River in Slovenia near the Croatian border. Although this
station is not in Italy, the gauge is a critical measurement of streamflow in the European
Mediterranean basin [28]. Annual data are given in MCM (million cubic meter). Past
studies (e.g., [28]) have shown that the data are sufficient for studies evaluating climate
impacts on water resources of the water basins. In addition, direct observations of rivers
are provided for two stations [IT3 and IT4].

2.1.4. Australia (Hydrologic Reference Stations)

For stations in Australia, data were retrieved from the Hydrologic Reference Stations
(HRS) catchments by the Australian Government Bureau of Meteorology [29]. For this study,
annual streamflow (ML/year) was derived from the HRS, which provided high quality
daily streamflow data and corresponding statistics for 467 stations [30]. Four stations were
selected in Southwestern Australia, near Perth which is part of the Mediterranean region
of Australia.

2.2. Analysis of Whiplash—Wet and Dry Periods

For the study shown here, wet and dry periods were identified in the records based on
yearly deviations from the long-term average of the historical record. Wet years are positive
departures (y) from the long-term average of the historical record (x), and dry years are
negative departures (y) where:

yi = xi − x (1)

A wet (or dry period) is calculated by summing up consecutive dry or wet years
where:

∑n
i=1 yi = Aj (2)

A dry or wet period continues until the accumulated (A) deficit or surplus condition
is switched by a single year (y), with a higher opposite sign of deficit or surplus. This
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sudden shift in state is referred to as “whiplash” (W), since an accumulated state is abruptly
changed in one year where:

W ≫
is negative when yi >

∣∣Aj
∣∣

is positive when |yi| > Aj
(3)

To compare stations with different magnitudes, an indicator ratio (IR) of accumulated
deficit or surplus to the long-term mean is calculated.

IRi =
Aj

X
(4)

Indicator values that shift from negative to positive or positive to negative in two
consecutive years reflect whiplash years.

2.3. Testing of Differences in Populations

The testing of different populations for this study used the F-test. For instance,
tests were conducted between countries to evaluate similarities or differences. The F-
test evaluates the variance in two populations. This was carried out for differences (or
similarities) between countries. Results are displayed and discussed in Section 3.

The sample populations of wet (surplus) and dry (deficit) periods for each country
are also presented as box and whisker plots, where the middle of the box represents the
median, the top and bottom represent the 75th and 25th percentiles of the population, and
the top and bottom of the whisker represent the 90th and 10th percentiles of the population
(see Section 3.1.1). In addition, box plots are used to represent the proportion of years that
are whiplash years (see Section 3.1.2).

2.4. Analysis of ENSO Impacts

Streamflow data are tested with four different Oceanic Niño Index (ONI) values, a measure
of the El Niño-Southern Oscillation [31]. JFM, AMJ, JAS, and OND are used as representations
for the year. Correlation between flow and each ONI index are tested for each station.

3. Results
3.1. Weather Whiplash Results

The analyses to test the similarities of Mediterranean regions/countries to weather
whiplash are shown in Tables 2 and 3, Figures 2–5. These results are shown for the historical
period of records that vary depending on the region (see Table 1).

Table 2. Frequency of wet and dry periods per station represented by the count of wet and dry years and
percentage compared to the total number of years. Values in parentheses are results of analysis using a
common period of record (1983–2018). N/A represents analysis that was not available for these stations. *
are stations where the common period of record has unequal number of wet and dry years.

Station ID Total Wet Years Percentage Total Dry Years Percentage

US1 * 36 (13) 49% (36%) 37 (23) 51% (64%)

US2 * 32 (14) 44% (39%) 41 (22) 56% (61%)

US3 * 34 (14) 47% (39%) 39 (22) 53% (61%)

US4 * 35 (14) 48% (39%) 38 (22) 52% (61%)

IT1 19 (18) 49% (50%) 20 (18) 51% (50%)

IT2 * 35 (5) 37% (14%) 60 (31) 63% (86%)

IT3 31(N/A) 43% (N/A) 42 (N/A) 58% (N/A)

IT4 33 (N/A) 50% (N/A) 33 (N/A) 50% (N/A)

AU1 * 20 (3) 29% (8%) 49 (33) 71% (92%)
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Table 2. Cont.

Station ID Total Wet Years Percentage Total Dry Years Percentage

AU2 * 31 (10) 45% (28%) 38 (26) 55% (72%)

AU3 * 14 (13) 37% (36%) 24 (23) 63% (64%)

AU4 18 (18) 47% (50%) 20 (18) 53% (50%)

CH1 33 (19) 52% (53%) 31 (17) 48% (47%)

CH2 15 (15) 38% (42%) 25 (21) 63% (58%)

CH3 25 (19) 49% (50%) 26 (18) 51% (50%)

CH4 31 (18) 52% (50%) 29 (18) 48% (50%)

SA1 25 (19) 45% (53%) 30 (17) 55% (47%)

SA2 * 14 (8) 24% (22%) 44 (28) 76% (36%)

SA3 * 31 (23) 53% (64%) 27 (13) 47% (36%)

SA4 38 (17) 40% (47%) 57 (19) 60% (53%)
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Figure 5. Time series of anomaly (blue and red) and ratio (black) values. Blue areas represent surplus
periods and red areas represent deficit periods. One station’s plot that is representative of all four
stations in the area is chosen per region: (a) Merced River in California, USA (US2); (b) Sava River in
Slovenia (IT2); (c) Donnelly River in Australia (AU2); (d) Biobio River in Chile (CH3); (e) Kleinrivier
in South Africa (SA3).

Table 3. F-test results comparing each pair of regions with wet period length, dry period length, and
indicator ratio. Statistically significant values (at 1% and 5% level) are indicated as regions that are
similar in terms of wet and dry periods.

Region US-IT US-AU US-CH US-SA IT-AU IT-CH IT-SA AU-CH AU-SA CH-SA

Wet Period
Length <0.01 <0.01 <0.01 <0.05 <0.01

Dry Period
Length <0.01 <0.01 <0.01 <0.05 <0.01 <0.01 <0.01

Indicator Ratio <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.05 <0.01
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3.1.1. Wet and Dry Periods

The occurrence of wet and dry periods is noted in Table 2 and Figure 2. In Table 2, two
analyses are presented using the entire period of record for all the stations, and another
analysis using a common period (1983–2018) for 18 of the 20 stations. Using the entire length
of record for all stations, the majority of the stations (14 of 20) have an equal likelihood of
wet and dry years (i.e., the number of dry and wet years are about the same). A couple
stations have a significantly higher percentage of dry years (over 70%), namely Murray
River (AU1) in Australia and Grootriver (SA2) in South Africa. Six stations had at least
60% of years drier than average, with a majority (4/6) of those being in Australia and
South Africa. It is noteworthy that none of the stations had a larger portion of years that
were wetter than drier, representing a general drying of these regions. Finally, the overall
average percentage of dry years (56%) is greater than that of wet years (44%). Using a
common period in the record, only 8 of the 18 stations had an equal likelihood of wet and
dry years, with nine (9) of the stations indicating a larger number of dry years.

Figure 2 presents boxplots for wet and dry period lengths using the entire record. The
periods are relatively the same length for wet periods (Figure 2a); however, there is a larger
variation for the dry periods (Figure 2b) in each region. F-tests were conducted for both
wet and dry periods between each pair of regions. Values less than 0.05 indicate that the
probability that two regions are different is low (Table 3). Therefore, highlighted values
mean that the regions tested are statistically similar. In both the wet and dry periods, the
United States (California) is statistically similar with each region. Furthermore, the F-test
analysis shows that Australia is similar to each region for the dry periods only.

3.1.2. Whiplash Results

The rapid change from dry to wet or wet to dry states (whiplash) is evaluated in
Figure 3 and Table 3. Figure 3 provides a compilation of all the indicator values expressed
as an indicator ratio described in Section 2.2. A positive indicator ratio is a rapid transition
from dry to wet state, and a negative indicator ratio is a rapid transition from wet to dry
state. There are higher whiplash events from dry to wet, as shown by the larger positive
values in Figure 3. Comparing this result to Figure 2, it is concluded that there are shorter
intense wet periods and longer and less intense dry periods. Variability is highest in the
United States (California), Australia, and South Africa. Results from Table 3 display that
most countries have similar ratio values, with exceptions for the United States (California)
and Chile.

Figure 4 presents the proportion of whiplash years that occur in each country for
all stations. The US (California) locations have the highest proportion of years that are
whiplash years—between 42 and 53% of years. Australia has the largest variability, from
10 to 45%. Italy, Chile, and South Africa are similar, and have about 35% of their years as
whiplash years.

3.1.3. Regional Analysis

The regional analysis of wet and dry periods and associated whiplash events is shown
in Figure 5. Three of the five regions show drying in the latter half of the record (Sava
(Figure 5b), Donnelly (Figure 5c), Biobio (Figure 5d)). In California (Merced River, US2);
the early part of the record (1951 to 1986) had wet and dry periods that were short and
mild. In 1987, the dry period became longer, and wet and dry periods became more intense
and more frequent. In Italy (Sava River, IT2), 1926–1980 were predominantly wet years,
with a switch in 1980 to dry years. In Australia (Donnelly River, AU2), 1953–2000 were
predominantly wet years, with a switch in 2000 to dry years, similar to Italy. In Chile,
(Biobio River, CH3) dry periods became longer in recent years after 2000. Finally, in South
Africa (Kleinrivier, SA3) the data shows that wet and dry periods became more intense
later in the record, similar to California (Merced River).
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3.2. ENSO Impacts

Table 4 provides a summary of the impact of ENSO on all the regions and rivers of
this study. Table 4 displays correlation coefficients for each test. Values are highlighted,
with a significance of p = 0.10 and p = 0.05. While ENSO has been shown to have global
impacts [32], the areas impacted in this study are fairly limited. Most notable were the
stations in Chile, with all four stations showing significance at both 95% and 90% confidence
levels. South Africa and United States (California) had some significance, with two and one
station(s), respectively, displaying statistical significance. Stations in Italy and Australia
did not show statistical significance under either level. The selected season does have
an impact on whether ENSO influences streamflow. For instance, the ONI values in JFM
were significant in five stations, compared to the other seasons having two significant
stations each.

Table 4. Correlation coefficients between streamflow and the respective ONI value for each station.
Values that are statistically significant at a 10% level (p < 0.1) are designated with a * symbol. Values
that are significant at the 5% level (p < 0.05) are highlighted in grey. Four ONI values were used to
represent the year in three-month-long periods (JFM, AMJ, JAS, OND).

Station ID Flow and JFM Flow and AMJ Flow and JAS Flow and OND

US1 0.20 * 0.17 −0.11 −0.14

US2 0.15 0.19 −0.05 −0.07

US3 0.11 0.14 −0.04 −0.05

US4 0.10 0.15 −0.04 −0.05

IT1 −0.06 0.05 0.05 0.07

IT2 0.03 0.12 0.13 0.17

IT3 −0.12 0.01 0.16 0.21

IT4 −0.04 0.10 0.14 0.15

AU1 −0.05 −0.18 −0.13 −0.18

AU2 −0.06 −0.18 −0.14 −0.18

AU3 −0.12 −0.15 −0.18 −0.16

AU4 0.09 0.03 −0.05 −0.10
CH1 0.26 0.20 0.17 0.07
CH2 0.31 0.14 0.03 −0.10
CH3 −0.13 0.27 * 0.46 0.46
CH4 −0.12 0.20 0.27 0.30
SA1 −0.26 * −0.19 0.03 0.06
SA2 −0.34 −0.33 −0.14 −0.17
SA3 −0.15 0.00 0.07 0.06

SA4 −0.15 −0.06 0.02 0.00

4. Discussion

In this study, historical streamflow data were used to evaluate the presence of water
whiplash in Mediterranean regions of the world. Most regions indicated a general drying
in terms of the number of years that were dry as opposed to wet. Additionally, many of the
regions had longer dry periods than wet periods in terms of number of years. For instance,
up to 53% of the years in the US (California) were defined as whiplash years (Figure 4).
Previous work has shown California not drying to the same level as other Mediterranean
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regions [5]. On average for other regions, approximately 35% of the years were water
whiplash (Figure 4).

For all regions, there are shorter intense wet periods and longer and less intense dry
periods—switching back and forth between conditions of long, dry periods where the soil
is dry, and intense, wet periods where soils saturate and produce excess runoff. This intense
flooding and rapid shifting between extremes may have adverse impacts on ecosystems
and surrounding communities.

In the face of the abrupt shifts due to weather whiplash, developing nations and
poorer regions disproportionately experience the impacts of these events. For instance,
regions of Chile and South Africa do not have the same means to adapt as other countries
such as the United States, Italy, and Australia. These vulnerable regions are usually not
equipped in resources and infrastructure, causing greater inequality due to the compiling
of damage from multiple whiplash events [33].

5. Conclusions

The results of this research are consistent with previous work that have identified
various Mediterranean regions in the world where weather whiplash in precipitation is
persistent in future data. The work presented here focuses on the impacts on water, and
has implications for management of resources. Comparative analyses of the durations,
conditions, and frequencies of wet and dry periods offer insights into the similarities and
disparities among these regions. The results underscore a historical trend wherein wet
years were more prevalent until the 1980–2000s, after which dry periods increased in fre-
quency and intensity. This research contributes to the evolving field of hydroclimatology in
Mediterranean regions, emphasizing the critical role of understanding streamflow patterns
in shaping future water supply dynamics. The implications of this study extend to water re-
sources management, emphasizing the need for proactive measures to address the complex
challenges posed by climate-induced hydrological variability in Mediterranean regions.
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