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Drought occurs naturally all over the world. Global warming has led an increase in the areas affected by this
phenomenon. The study of drought involves the analysis of indicators and indices used to assess changes in the
hydrological cycle of a region. A large number of indices developed for drought monitoring are based on
meteorological and hydrological variables. This research has applied the Ombroxeric Index for the first time in
California. It is based on the concept of ombroxericity: a condition of the territory characterised from an
ombrothermic point of view, which can develop in relatively humid areas/zones, depending on the time scale of
the study (i.e. monthly, seasonal or annual basis). Temperatures and precipitation from 180 meteorological
stations have been considered for a period of observation from 1980 to 2016. In order to know the evolution of
this index, a modified trend analysis based on the Mann-Kendall test and a modified Sen slope analysis were used.
Empirical Bayesian Kriging was applied as an interpolation technique. Results are presented in both surface and
contour maps. California showed a wide range of ombroxeric levels that went from upper strong dry in northern
zones, to lower weak arid. Trend results showed an increase in bioclimatic drought throughout the whole State.
In addition, summer showed the highest levels on the Ombroxeric Index. An increase in drought trends was
observed at the seasonal level, being more pronounced in summer and spring. In both cases are increases in the
central (+5 and +3.6 units year ' respectively) and the southern (+4 and +4.5 units year " respectively) areas
of the State. Increasing frequency and severity of droughts could have implications for the management of water
resources and the survival of Californian vegetation types, such as conifers.

1. Introduction and Singh, 2010). Drought is defined as a shortage of water compared to

normal conditions, which can occur in different components of the hy-

Widespread climate change is causing economic and environmental
impacts with rapid variability. In fact, global warming is associated with
higher temperatures, intensification of hydrological cycles and thus
changes in evapotranspiration rhythms (Ajjur and Al-Ghamdi, 2021; Xu
et al., 2018). Drought occurs naturally in all parts of the world, as well as
in areas of high and low precipitation, and is mostly related to a
reduction in the amount of precipitation received over longer period of
time such as a month, a season or a year. Moreover, an increase in
evapotranspiration could lead to gradual drought events (Mukherjee
et al., 2018). In addition, temperatures, strong winds and relatively low
humidity play an important role in the occurrence of droughts (Mishra
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drological cycle (van Loon et al., 2016). It is often subdivided into:
meteorological drought (precipitation deficit) (Aghelpour and Var-
shavian, 2021); agricultural drought (below normal soil moisture levels)
(Huang et al., 2017); hydrological drought (below normal surface or
groundwater water availability) (Salimi et al., 2021); socioeconomic
drought (failure of water resource systems to meet water demand)
(Mishra and Singh, 2010); technological drought (reduced yields or
water scarcity due to the lack of irrigation technology and/or existing
poor water management) (Haque Mondol et al., 2022) and bioclimatic
drought or ombroxericity (a condition of the territory characterised
from the ombrothermic point of view, which can manifest itself in more
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or less humid territories, depending on the level of study (monthly,
seasonal or annual) (del Rio et al., 2018).

The study of drought involves the observation of indicators and
indices that serve to assess changes in the hydrological cycle of a region.
A drought indicator is a measurable variable that can be used to identify
the onset, duration and severity of drought (Bachmair et al., 2016;
2015). Drought indicators are formulated to assess hydrological cycles
and are applied in a specific region over a period of weeks or months
(Yihdego et al., 2019) and consist of categorised single numerical values
(Dracup et al., 1980; Marcos-Garcia et al., 2017; Vicente-Serrano et al.,
2020). Drought indicators are usually based on direct observations of
meteorological, hydrological and agricultural variables, such as rainfall,
soil moisture and crop yields (Sepulcre-Canto et al., 2012). On the other
hand, a drought index, is a mathematical formula that combines several
indicators to provide a quantitative measure of drought conditions (htt
ps://www.drought.gov/what-is-drought/monitoring-drought).
Drought indices are calculated from a combination of variables, often
using statistical methods to determine how they relate to each other
(Yihdego et al., 2019). They also provide quantitative measures that
describe the severity, location, timing, and duration of the drought
(Heim, 2002). The World Meteorological Organisation (WMO) defines
the drought index as “an index related to some of the cumulative effects of
prolonged and abnormal moisture deficiency” (Heim, 2002). Previous
research studies have identified basic criteria that any drought index
must meet: (I) the time scale must be appropriate to the question at
hand; (II) the index must be a quantitative measure of large-scale, long-
term drought conditions; (III) the index must be applicable to the matter;
(IV) a highly accurate historical record of the index must be available or
computable. In operational drought monitoring, a fifth statement should
be added: (V) the index must be computable in near real-time (Fried-
man, 1957; Heim, 2002; Vu-Thanh et al., 2014).

A large number of drought indices developed for drought monitoring
are based on meteorological and hydrological variables (Diodato et al.,
2019). The Palmer Drought Severity Index (PDSI) is one example.
Originally developed by Palmer (Palmer, 1968) as the Standard Pre-
cipitation Index (SPI), it is one of the best known and most widely used
drought indices in the US. It is the basis for the operation of the US
Drought Monitor (Flint et al., 2018). The US Drought Monitor provides
the percentage of the country that is affected by drought. However, the
period of record for this index is relatively short and is too brief to assess
long-term climate trends (U.S. Environmental Protection Agency, 2022).

Vapour Pressure Deficit (VDP) is another index that has become
increasingly useful in drought research projects, although it may be
difficult to understand compared to established drought indices such as
PDSI (Gamelin et al., 2022). Another index applied to hydrological
variables is the Groundwater Drought Index (GGDI) based on NASA’s
Gravity Recovery and Climate Experiment (GRACE) applied to
groundwater in the Central Valley of California, where the authors
observed that groundwater drought occurs after drought is expressed in
soil moisture (PDSI) and precipitation (SPI) (Thomas et al., 2017).

There is a large body of literature on drought and several drought
indices for grasslands and crops have been compared (Otkin et al.,
2016). Some of these addressed at satellite monitoring of vegetation
dynamics such as the Normalized Difference Vegetation Index (NDVI)
which quantifies green vegetation and spatial changes. Some of these
indices focus on crops, such as the Evaporative Stress Index (ESI), which
is one of the few agricultural drought indicators that reveals actual
vegetation stress conditions on the ground. This index does not require
information on past precipitation or soil water holding capacity. Instead,
the current moisture available to vegetation is derived directly from land
surface temperature estimated from satellite data (Anderson et al., 2016;
Otkin et al., 2016). A new method for monitoring drought-induced
vegetation stress is the Vegetation Drought Response Index (VegDRI)
method which represents a new approach to drought monitoring by
integrating traditional climate-based drought index information and
satellite NDVI measurements of vegetation conditions with different
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biophysical characteristics (Brown et al., 2013).

The effects of global warming will continue to wreak havoc on water
availability on the west coast of the U.S. The southwestern U.S., which
includes the states of Arizona, California, Colorado, Nevada, New
Mexico and Utah, is experiencing a historic and prolonged drought
(Lisonbee et al., 2022). The average annual cost of agricultural losses
due to drought in the United States (U.S.) has been estimated to be be-
tween $6 and $8 billion (Mirabbasi et al., 2013). There are unprece-
dented droughts, such as the one that ravaged the U.S. Great Plains in
the summer of 2012 (Herrera-Estrada et al., 2017). The severe drought
between 2012 and 2016 affected most of the State of California (Griffin
and Anchukaitis, 2014; Warter et al., 2021; Williams et al., 2015). Lower
inflows (drought periods) mean reduced surface water use, less
groundwater storage and no possibility of expanding storage capacity.
Particularly in southern California where low supplies are heavily
managed, water conveyance capacities showed high values of expansion
(Harou et al., 2010). Therefore, drought stress will continue, particularly
in California, as evidence by the forest mortality observed in the
southern Sierra Nevada (Keen et al., 2022). Plant growth depends on
cyclical and seasonal variations in rainfall and temperature, which vary
with elevation and distance from the Pacific coast (Barbour et al., 2007).
A common feature of drought regions is an increase in hot and dry
conditions. However, warmer temperatures are having a greater impact
on drought conditions than precipitation in California (Gamelin et al.,
2022). There is an urgent need to understand this phenomenon and its
direct effects on plant communities. The ability of plants to persist
during droughts depends on their access to water resources and also on
the physiological mechanisms that regulate water loss (Baguskas et al.,
2016).

Knowing how species will respond is essential for effective in
biodiversity management and conservation. Furthermore, diverse bio-
logical communities and functioning ecosystems are essential for
maintaining ecosystem services that support human health (Weiskopf
et al., 2020).

However, to our knowledge, no indices have been described that
address the direct relationship between natural vegetation and drought
as a function of precipitation and temperature over different timescales.
Bioclimatology is an ecological science that studies the relationships
between climatic conditions and the distribution of living beings and
their communities across the globe (Rivas-Martinez et al., 2011).

In this line the Ombroxeric Index (OXI) is a bioclimatic drought
index that is used to determine the degree of bioclimatic drought in an
area (Alvarez Santacoloma et al., 2022; del Rio et al., 2018) and it is
based on the Rivas-Martinez Worldwide Bioclimatic Classification Sys-
tem (WBCS) (Rivas-Martinez et al., 2011). It should be noted that its
formulation is not mathematically complex, as it can be seen in the
Material and Methods section. Furthermore, this index can be applied at
different temporal (monthly, seasonal and annual) and spatial scales
(local, regional, country, continent...) with appropriate and comparable
results. This index sets up the levels of drought in a territory, making it
possible to relate them with the presence and distribution of flora and
vegetation in the territory. These values of drought, with reciprocity in
the vegetation, allow to establish the distribution limits for certain plant
communities and to evaluate the effect on them of the possible increase
in drought under future climate change.

As a novelty in this research, the Ombroxeric Index is applied for the
first time in California, to achieve the following objectives:

- To determine the level of bioclimatic drought by applying the
Ombroxeric Index on a broad regional scale at different time scales from
1980 to 2016.

- To analyse the trends of this index in California for the period
1980-2016 on a monthly, seasonal and annual basis.

The assessment and prediction of the bioclimatic drought will pro-
vide valuable information for water resource planners and policy makers
to deal with the drought outcomes (Mirabbasi et al., 2013). In this way,
this research can help environmental managers throughout their local
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area (Torregrosa et al., 2013) to take appropriate measures to mitigate
the detrimental effects of drought on diverse matters, such as crops and
natural plant communities. In this respect, this index is also valid in the
agricultural field, as it allows to identify the crop that develops best in a
territory with certain values of the Ombroxeric Index. From this work,
future research could also be developed to establish the extent of
bioclimatic drought in Californian plant communities under the climate
change framework.

2. Material and methods
2.1. Study area

This research was carried out in California, which covers an area of
423,955 km?. It is the third largest state in the United States. California
has several major rivers and lakes, including the Sacramento and Col-
orado Rivers, as well as Lake Tahoe and Searles Lake. The State has two
main mountain ranges, the Sierra Nevada and the Coast Range, which
give it a varied landscape. The highest Californian peak is Mount
Whitney at 4421 m in the Sierra Nevada (Luteyn and Hickman, 1993). It
also includes a number of valleys, such as Death Valley and Central
Valley. It should be noted that California consists of two southern desert
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areas, the Mojave and the Sonoran (Colorado), which are part of the
Basin and Range geomorphic province.

Furthermore, all this orography (Fig. 1) makes California a place
with a very diverse climatology, ranging from desert to subalpine en-
vironments (Pathak et al., 2018). There are temperature differences
across the State, with inland areas having higher average temperatures
than coastal areas. In the basins and valleys adjacent to the coast, the
climate is subject to large variations over short distances due to the in-
fluence of topography on sea air circulation (Center, 2000). Total annual
rainfall varies from 1200 mm in the northern areas to 60 mm in the
southern areas. It is characterised by a Mediterranean climate, an
important component of which in coastal areas is associated with
cooling and humidity in the troposphere (Barbour et al., 2007).

From a bioclimatological point of view, California is divided into
three macrobioclimates (Rivas-Martinez et al., 2011). Tropical is found
in the Sonora desert. Mediterranean covers more than three-quarters of
its surface. By definition, the Mediterranean macrobioclimate has a dry
period in the summer (the hottest part of the year). Precipitation (mm) is
less than or equal to twice the temperature (expressed in centigrade) (P
< 2T) for at least two consecutive summer months. The Temperate
macrobioclimate is found in the Klamath highland.

Barbour et al. (2007) provide valuable insights into the variety of
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vegetation types that can be found in California. Some of them are
chaparral, desert, grasslands and redwood forest which are explained in
more detail bellow:

Chaparral, a common type of scrub, thrives in various regions of
California, particularly in the coastal ranges and inland valleys. It is
characterised by the presence of distinctive species such as Ceanothus
cuneatus (Hook.) Nutt., Arctostaphylos canescens Eastw., and Quercus
agrifolia Nee. The deserts of California, on the other hand, are home to a
specialised vegetation adapted to the harsh conditions. Amongst the
most prevalent species found in these arid landscapes are Coleogyne
ramosissima Torr., Yucca brevifolia Engelm., and Larrea tridentata (DC.)
Coville.

Grasslands can be found in different parts of the state, including the
Central Valley and the coastal plains. Notable species within California’s
grasslands include Festuca californica Vasey and Nassella pulchra
(Hitchc.) Barkworth. Moreover, across locations such as the Central
Valley and the coastal plains, Wetlands, vital ecosystems, are scattered.
Some of the species commonly found in these wetlands are Typha lat-
ifolia L., Spergularia marina (L.) Besser, and Cuscuta salina Engelm.

The redwood forest, a magnificent coniferous forest, flourishes along
the coast, especially in the northern part of the state. The towering
Sequoia sempervirens Endl. is the iconic tree that dominates this forest
Other forests, such as coniferous and mixed forests, are notable for their
abundant presence of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco),
Tanoak (Lithocarpus densiflorus (Hook. & Arn.) Rehder), cypress Law-
son’s (Chamaecyparis lawsoniana (A. Murray bis) Parl.), and the oak
(Quercus chrysolepis Liebm). These forests thrive in the mountain ranges,
particularly in the high northern areas and in the Sierra Nevada.

The remarkable variety of topography, vegetation, and climate
throughout the state contributes to the rich diversity of California’s soil,
forming a complex and interconnected web of life and natural wonders.

2.2. Data

For each meteorological station, Climate data values for precipita-
tion and average temperature from 1980 to 2016, were obtained from
the WRCC (“Western Regional Climate Center,” 2020) website. Initially,
350 meteorological stations were selected. These were chosen based on
criteria of completeness, length and homogeneity across most of the
State (He and Gautam, 2016). Only stations with less than 10 % of
missing values were chosen. The gaps were filled with the corresponding
monthly long-term mean value (Rios Cornejo et al., 2015). Afterward,
analysis of the homogeneity of the data was verified (Bloschl et al.,
2019; Gocic and Trajkovic, 2013; Karmeshu, 2015; Song et al., 2019). In
this study it was determined by the Run test (Thom, 1966) at a 95%
confidence level. It was not necessary for the analysed series to follow
normal criteria, which has been used previously in other climate studies
(Gonzalez-Pérez et al. (2022a; b); Meseguer-Ruiz and Sarricolea, 2017;
Rio et al., 2013). Finally, climate variables such as precipitation and
mean temperature of 180 stations were chosen for the study (Fig. 1).
Besides, we added their elevation values and geographical in order to be
able to present the results on maps. In addition, the Ombroxeric Index
was calculated for each of the meteorological stations (del Rio et al.,
2018).

2.3. Ombroxeric index

The Ombroxeric Index is based on the concept of ombroxericity: a
condition of the territory characterised from an ombrothermic point of
view, that can develop in fairly humid areas, depending on the time
scale of the study (monthly, seasonal or annual) (del Rio et al., 2018;
Ferreiro-Lera et al., 2022). This also considers other index, the annual
Ombrothermic Index [lo = (Pp/Tp)*10], which relates the amount of
annual Positive precipitation (Pp) and annual Positive temperature (Tp)
throughout the territory. Both positive temperature and positive pre-
cipitation are directly linked to vegetation, and are measured by taking
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positive values of temperature and corresponding precipitation, i.e. the
conditions in which plant growth is possible (Rivas-Martinez et al.,
2011).

This index was analysed at monthly, seasonal and annual levels.
California has four seasons which are spring (March, April and May),
summer (June, July and August), autumn (September, October and
November) and winter (December, January and February). Hencefor-
ward those periods will be named in the text as MAM, JJA, SON and DJF.

The equation for calculating the Ombroxeric Index on a monthly
scale is as follows:

OXIi = 360 — (100*Ioi) )
where OXI; is the monthly Ombroxeric Index
and Io; is the Ombrothermic Index of monthi(i=1, 2, ... 12), where

i =1 January and i = 12 December.
Equations on seasonal and annual time-scales are as follows:

Winter Ombroxeric Index(OXI,,) :

2
OXl1,, = OXI, + OXI, + OXIy; 2
Spring Ombroxeric Index(OXpr,) : 3)
OXl,,, = OXL; + OXI, + OXIs;

Summer Ombroxeric Index(0XI,,) : @
0Xly,,, = OXIs + OXI; + OXlg;

Autumn Ombroxeric Index(0X1,,,) ©)
OXl, = OXIy + OXI,o + OXI,,
Annual Ombroxeric Index(OX1,) :

(6)

12
OXla = Z OXTi

i=1

where i = 1 January and i = 12 December

Table 1 shows the different types and levels that characterise the
index. The numerical values of the levels are also shown, noting that
those values are summative for the seasonal and annual total.

Table 1
Ombroxeric index levels and values taken from del Rio et al. (2018) & Ferreiro-
Lera et al. (2022).

Ombroxeric Index values

Ombroxerotypic Monthly Seasonal (OXIspr, OXIgym, Annual

levels (OXIy) OXIaur, OXIy) (OXI,)

Upper weak dry 1-40 1-120 1-480

Upper strong dry 40-80 120-240 480-960

Lower weak dry 80-120 240-360 960-1440

Lower strong dry 120-160 360-480 1440-1920

Upper weak 160-180 480-540 1920-2160
semiarid

Upper strong 180-210 540-630 2160-2520
semiarid

Lower weak 210-240 630-720 2520-2880
semiarid

Lower strong 240-260 720-780 2880-3120
semiarid

Upper weak arid 260-280 780-840 3120-3360

Upper strong arid 280-290 840-870 3360-3480

Lower weak arid 290-310 870-930 3480-3720

Lower strong arid 310-320 930-960 3720-3840

Upper hyperarid 320-330 960-990 3840-3960

Lower hyperarid 330-340 990-1020 3960-4080

Upper 340-350 1020-1050 4080-4200
ultrahyperarid

Lower 350-360 1050-1080 4200-4320
ultrahyperarid
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Fig. 2. (continued).

2.4. Trend analysis

To achieve one of the objectives of this work, we calculated the trend
of the Ombroxeric Index. We used both the modified Sen’s slope method
and the modified Mann-Kendall test (Liu et al., 2020; Patakamuri and
O’Brien, 2021; von Storch, 1995) to obtain the slope results from the 180
stations using the R package version 4.1.0. The Sen slope estimator is a
non-parametric procedure that estimates the variation per unit of time in
a series where there is a linear trend.

Trend analysis was carried out at monthly, seasonal and annual
levels. The non-parametric modified Mann-Kendall test was applied to
estimate trends and their statistical significance. The Kendall tau test is
one of the most commonly used non-parametric tests to detect trends in
environmental time series data, (Gonzalez-Pérez et al., 2022b; He and
Gautam, 2016; Kukal and Irmak, 2016; Meseguer-Ruiz and Sarricolea,
2017; Pena-Angulo et al., 2021).

Statistical interpolation of the values is necessary for some specific
regions because long-term average weather observations come from
scattered, discrete and unevenly distributed weather stations. These

discrete data need to be spatially extended to reflect the continuous and
gradual change in the climate pattern (Ghazal, 2019). Empirical
Bayesian Kriging (EBK) outperforms classical geostatistical methods and
attempts to account for the uncertainty introduced in the semivariogram
in ordinary kriging (Gupta et al., 2017). In order to achieve this, the
semivariogram parameters in EBK are estimated using the restricted
maximum likelihood. In this research, 100 simulations have been
selected, meaning that the program runs 100 times and creates one
semivariogram each time. This information is used to quantify the
probability of a particular simulation occurring (Gribov and Krivor-
uchko, 2020; Gupta et al., 2017; Krivoruchko, 2012; Krivoruchko and
Gribov, 2019; Li et al., 2020). To guide this interpolation, ArcGIS 10.8©
(Environmental Systems Research Institute (ESRI), 2019) software was
used, and in particular, the EBK geoprocessing tool was applied. In
addition, the same software was used to create trend contour maps of the
Ombroxeric Index, and areas of statistical significance (95% confidence
level) were overlaid on the contour maps.
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Fig. 2. (continued).

3. Results and discussion
3.1. Ombroxeric index levels

In this section, Fig. 2 shows the results of the monthly, seasonal and
annual Ombroxeric Index (OXI) and allows us to observe the different
levels of the bioclimatic drought that exist in the different areas of the
State of California. In general, an increase in the value of the Ombroxeric
Index is observed in the southern territories in the State. The highest
levels of drought are reached during the summer months in a large part
of the territory under study.

3.1.1. Monthly analysis

First of all, it should be noted that no bioclimatic drought was found
in December, in fact nearly all meteorological stations showed a zero
value for the OXI; and for this reason there is no map for this month in
Fig. 2. Nevertheless, bioclimatic drought can be found in the southern
parts of the State in January. OXI; values range go from weak lower arid
(294 units) in Death Valley, to weak upper dry (7 units) in San Diego,
Chula Vista and around Inyokern. In the rest of the State there is no
bioclimatic drought during this month (Fig. 2). In the San Joaquin
Valley, Bakersfield and its surroundings, especially in Maricopa, we
found increases in the value of OXI; in February, reaching the level of
strong lower dry (124 units). During the same month, drought values
increased to weak lower arid (295 units) in the territories surrounding
Death Valley. In the southernmost part of the State, the Sonoran Desert,
drought values also increased to weak lower arid in El Centro (300 units)
(Gonzalez-Pérez et al. (2022a; b); Kam and Sheffield, 2016).

Turning to our March results, it is worth noting that the drought
extends through the San Joaquin Valley and south of the Sacramento
Valley reaching upper dry levels in Turlock (13 units) and San Luis (61
units). Much of the southern half of the State is affected by drought, even
more so in the south. The highest values of OXIi, as in previous months,
are found in Imperial, El Centro and Death Valley, which have shown an

upper hyperarid level (325-328 units). This is not the case, for example,
in the San Gabriel, San Bernardino and Santa Rosa mountain ranges.
There is a pronounced bioclimatic drought in California in April except
for on the highest peaks of Sierra Nevada, Shasta Mountain and the
Pacific Northwest coast. Notably, there is a marked change from the
previous month. A large increase in OXI; values is observed in the San
Joaquin and Sacramento Valleys. In these areas, there are drought levels
ranging from strong lower dry in Sacramento (126 units) and Orland
(128 units), going through strong upper semiarid level in Madera (181
units) and Modesto (188 units), to weak upper arid in Corcoran (260
units). The general pattern of drought intensifies in the southern part of
the State (Fig. 2). Bioclimatic drought ranges from strong upper arid
level in Los Angeles (185 units), upper hyperarid in Barstow (327 units)
to upper ultrahyperarid in Death Valley (346 units) and Brawley (350
units). In May, the only areas without bioclimatic drought are the
summit of Mount Shasta, the higher elevations of the northern Sierra
Nevada, and the surrounding areas of Crescent City. Virtually all of the
southern territories of the State exceed the strong upper arid level, with
the exception of the southern San Bernardino Mountains. In these areas
we found weak lower semiarid levels in Idyllwild (225 units) to weak
upper arid at Henshaw (262 units) (Gonzalez-Pérez et al. (2022a; b)).
If we now turn to the OXI; results for the month of June, we find that
the entire State shows drought to a greater or lesser extent. Highlighted
in bright red on the map (Fig. 2) are the large number of territories in the
southern California with a drought level of lower ultrahyperarid (359
units). The lowest drought values are observed in the north of the State
and on the northwest coast (42 units). July is the month with the most
severe drought in the State of California. It is striking how the ultra-
hyperarid levels on the coast become less severe as one moves inland.
The lowest drought level for this month is the strong lower semiarid
(249 units) at Twin Lakes. in August, however, ultrahyperarid levels are
located mainly in the San Joaquin and Sacramento Valleys. Most of these
areas showed lower ultrahyperarid level, such as in San Francisco (356
units), Los Banos (357 units) and Fresno (358 units). The lowest value of
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OXI; (weak lower semiarid) is found in Big Bear Lake (217 units).

In September, the northern of the State showed a marked decrease in
OXI; values and therefore in drought intensity. In fact, the lowest level,
strong upper dry, is reached (68 units) in the vicinities of Klamath. The
highest values are only found in two places, Bakersfield (350 units) and
Concord (351 units), which have the lower ultrahyperarid level.
Southern California much of the area is in the weak lower arid level with
values ranging from 290 to 310 units. In the northern part of the state,
the drought receded during October in areas around Klamath, Crescent
City, Eureka, Nevada City and Paradise, amongst others. In those terri-
tories no drought is found (0 units). In mid-southern California semiarid
levels are found from Oakland (169 units), Berkeley (172 units), Pal-
omar Mountain (193 units) to San Jose (257 units). The highest values of
bioclimatic drought (lower ultrahyperarid) are found in the southeast of
the State particularly in Palm Springs (331 units) and Death Valley (351
units). Drought disappeared in the north of the State during November.
Nevertheless, southern locations showed elevated values of OXI;
reaching the hyperarid level in Imperial (331 units) and El Centro (332
units).

3.1.2. Seasonal analysis

Spring results show that upper ultrahyperarid levels are reached in
places such as Death Valley (1031 units), Imperial (1032 units) and El
Centro (1039 units). On the southwest coast of California along the San
Joaquin and Sacramento Valleys, drought scores are less pronounced,
ranging from weak lower dry at Clearlake (258 units), through Weak
upper semiarid at Laguna Beach (520 units) to weak upper arid levels at
Buttonwillow (789 units) these results are somehow related to the
Drought Monitor Index which shows similar areas of extreme and severe
drought (https://droughtmonitor.unl.edu/). No drought is found in this
season in Sierra Nevada locations such as Downieville, Strawberry
Valley and Bowman, as well as Mount Shasta, Klamath and Crescent City
(Fig. 2). These results are consistent with previous research that claimed
there was a clear warming throughout the State and an increase in
precipitation in northern areas (Gonzalez-Pérez et al. (2022a; b)).

In summer (Fig. 2), the lower ultrahyperarid zone is reached in
places such as in San Diego (1062 units) and Paso Robles (1065 units).
These values of the Ombroxeric Index in summer make it the season with
the greatest bioclimatic drought, in accordance with the climatology of
areas with a Mediterranean climate (Corbin et al., 2005; Dong et al.,
2019b; Seager et al., 2019). The lowest value of the Ombroxeric Index is
observed at Twins Lakes (547 units), with a level of strong lower
semiarid. Intermediate values are found in the northwestern parts such
as Boca (804 units) and Tulelake (831 units) with a level of weak upper
arid. This is particularly important given that summer streamflow is
projected to continue to decline in basins and rivers such as those ones in
The Sierra Nevada (Chang and Bonnette, 2016). Although the focus is on
a different time period, comparable results were found showing that
temperature plays an important role in the development of drought with
increasingly variable precipitation (Shukla et al., 2015). It is worth
noting that warmer temperatures lead to a decrease in the snowpack
(Hamlet et al., 2005), which is a crucial water source for California
during the summer months. Snow acts as a natural reservoir, providing a
steady stream of water during the warmer months, which can help
alleviate drought conditions. However, as temperatures have risen,
snowpack levels have decreased, leading to more severe drought events
(Shukla et al., 2015).

Looking at the autumn results, California shows drought in some
places (Fig. 2). The lowest values are found in the northern part of the
State, located in the areas around Eureka and Crescent City with a weak
upper dry level. In contrast, the highest OXI; values are found in the
southern areas of California. The locations adjacent to Death Valley and
Downtown reach the upper ultrahyperarid level (1035 units). Isolated
areas (weak lower dry) of this level are observed at higher altitudes in
the Laguna and San Bernardino mountains.

Due to the absence of bioclimatic drought in December, the results of
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the winter analysis are similar to those of January and February, which
is supported by a previous research claiming that the winter drought risk
in California has changed to a higher risk, especially in Southern Cali-
fornia (Kam and Sheffield, 2016). During this season, the highest values
of OXJ; are found in Death Valley and Greenland Ranch (589 units),
which reach the strong upper semiarid level. This is directly related to
recent research results where there is a positive temperature trend and a
negative precipitation trend in southern areas during this season
(Gonzalez-Pérez et al. (2022a; b)).

3.1.3. Annual analysis

With regard to the annual results of bioclimatic drought, we observe
severe bioclimatic drought in the southern areas. The highest values are
located in Death Valley and el Centro with lower weak arid level (3700
units). The central valley showed high values of bioclimatic drought up
to the weak upper semiarid level, which is consistent with other research
that have shown that high evapotranspiration rates are due to several
factors such as high temperatures and extensive agriculture (Diffen-
baugh et al., 2015; Famiglietti et al., 2011). The northern territories of
Crescent City and the Klamath Mountains show bioclimatic drought at
an upper strong dry level (680 units). These results are closely related to
previous research that found a significant increase in temperature
(Cordero et al., 2011; Gonzalez-Pérez et al., 2022a; Goss et al., 2020).
Moreover, California has experienced a decrease in precipitation levels,
leading to drought conditions (Dong and Leung, 2021; Gonzalez-Pérez
et al., 2022b; Trenberth, 2008).

3.2. Trends of the ombroxeric index

As has been explained above, the Ombroxeric Index allows us to
detect bioclimatic drought. Thus, with trend results, we can understand
what has happened in the State of California during the study period.
Focusing on our results presented in Figs. 3-6, negative trends are found
in up to 25% of the meteorological stations in April, May and Spring. A
large number of the stations (50% to 85%) showed no trend, depending
on the month. In the case of December, as shown above, no bioclimatic
drought is found but a few meteorological stations showed trend. In
relation to the annual trend value, we observe a large percentage of
stations (82%) showing positive trends for the Ombroxeric Index. In
addition, 80% of the stations showed positive trends in autumn.

3.2.1. Monthly trends

Starting with the winter months in which this phenomenon currently
occurs (excluding December), we can see that the trend increases in both
January and February in Southern California (Fig. 7). In January, the
largest increase in the index (+4.4 units year’l) is observed in the San
Bernardino Mountains. In addition, there is a positive trend (+2.8 units
year™!) in the areas of the Mojave and Sonoran deserts. However, in
February, the trend value of the index is lower than in the previous
month and the areas where this trend is observed are more localised in
the south of the State, in the Imperial Valley (2.4 units year’l) and in the
Mojave Desert.

An increase in the trend of the Ombroxeric Index was observed in
March (Fig. 4), particularly in the central part of California (Fig. 7).
Examples of this are the trend values reached in the San Joaquin Valley
(4.2 units year’l), Fresno (1.54 units year’l) and Los Banos (1.5 units
year‘l). In particular, there was an increase in the southern areas where
trends reached values of +3.6 units year 1. This is the case for the
southern Coast Ranges, the San Bernardino Mountains (+4.2 units
year’l), and the southern part of the Sierra Nevada (43 units year’l), in
the White Mountains and Mount Whitney (+3 units year’l). These re-
sults are consistent with the findings of positive temperature trends and
markedly decreasing trends in precipitation for this month over a
comparable period (Gonzdlez-Pérez et al. (2022a; b)).

It is striking what happens when we focus on the analysis of trends
during April in the State. The trend results showed a decrease in drought
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Fig. 4. Boxplot for monthly trend values in the State of California. The black line in the boxes (interquartile range) shows the slope of the median value for the

whole State.

in northern California. This is directly related to recent research showing
a slightly negative trend in mean temperature (Cordero et al., 2011;
Gonzalez-Pérez et al., 2022a) and a positive trend in rainfall over the
northern half of the State of California (Gonzalez-Pérez et al., 2022b).
The highest negative values (-1.2 units year 1) are observed in the vi-
cinity of the Sacramento Valley, Los Banos and San Francisco. This is
consistent with previous studies and projections for the second half of
the 21st century, where “critically dry” water is 8% more frequent in the
Sacramento Valley and 32% more often in the San Joaquin Valley
(Dettinger and Cayan, 2014; MacDonald et al., 2008). In May, the
northern areas with negative trends (Fig. 7) decrease, but the negative
values of the Ombroxeric Index increase. In particular, negative values

(—1.2 units year’l) are observed at Yreka along with the Klamath
Mountains (—1.6 units year !). A negative trend (—0.4 units year ') is
also observed in the south and around Mount Whitney.

June, the first month of summer, is the one with the highest trend
values. The values found in the southern Sierra Nevada (—1 units
year™!) are significant and increase as we approach the areas around
Bridgeport (+4 units year ') and Lake Tahoe (+2.5 units year ). This
positive trend in the Ombroxeric Index in this area is maintained in July
and August, and only extends to the northern part of the State in June
(Fig. 7). Negative trends are only observed in the Sacramento Valley and
the surrounding areas of Santa Rosa, Cloverdale and Redding (—1 units
year™!). Comparable results are found for the summer period. Positive
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trends were found in the same areas as in June. However, during this
season the trend values are higher, with Bridgeport and adjacent areas
reaching values of +5 units year ™! and Lake Tahoe reaching values of
+4 units year '. It should be noted that during this season, positive
trends of up to +4 units year ! occurred in San Jacinto and the Laguna
Mountains.

Moving to our results in September, we can see that the summer
trend continues in the north of the State. The largest significant positive
trends are seen in areas such as Susanville, Downieville, with +2 units
year™! and the Cascade ranges with +1.75 units year™'. This positive
trend extends to the southern Sierra Nevada (40.5 units year’l). In
October comparable results are found to those in previous months.
Positive trends in the Ombroxeric Index are found in most of the terri-
tories. Particularly, the highest values are found in San Jose, Santa Cruz
and San Francisco (+0.8 units year’l). On the other hand, negative
trends are revealed in the southern coastal areas around Los Angeles and
Long Beach (-0.4 units year’l). Instead, the November results did not

10

show any trends in northern California (Fig. 7). Instead, positive trends
were observed in the southern parts of the State. Riverside, Long Beach
and Los Angeles are the territories that showed the highest values in this
month (+3.6 units year’l). Positive trends, but of a lesser extent, are
found in the southern Sierra Nevada (+1.5 units year’l) and the Mojave
Desert (+1.2 units year’l).

3.2.2. Seasonal trends

Fig. 6 shows the correlation of each month with the seasons and at
the annual level. In the case of spring, March is the month most corre-
lated with the trend increases observed in that season. Particularly large
increases in the Ombroxeric Index are observed in the Mojave Desert and
in the city of Los Angeles (4+4.5 units year_l) and its surroundings
(Fig. 7). Positive trends are also observed in the Rafael Mountains (43.6
units year’l) and the southern Sierra Nevada (41.8 units year’l).
However, negative trends are found in Eureka (—1.8 units year‘l),
Crescent City and the Klamath Mountains in the northwest, and an
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inflow to San Francisco Bay (-0.9 units year‘l) extending to Sacramento (Rippey, 2015).
and surrounding areas. This is fairly consistent with other research that Comparable results are found for the summer period. We found
have found drier-than-normal conditions in May, June, and July positive trends in the same territories as in June. Furthermore, this

11



A. Gonzdlez-Pérez et al.

Ecological Indicators 153 (2023) 110426

=

October Y ¢E ! November

00N 4000

—s

oo

500N - 300N

W e o 190k

000N

VN

Winter

120000 15000 000 15000

157000

legend

—_—0
os |
1
15
2

—15

400N -

—3

—135

300N - B/YON

o s o 1990

Summer

120900 150

00N

— 105
—n
— s

. o0

300N

120000 15000

Fig. 7. (continued).

12

18000



A. Gonzdlez-Pérez et al.

month shows the highest values of positive correlation in this season
(Fig. 6). However, in this season the trend values are higher, with
Bridgeport and adjacent areas reaching values of +5 units year ! and
Lake Tahoe reaching values of +4 units year . It should be noted that
during this season, positive trends of up to +4 units year ! occurred in
San Jacinto and the Laguna Mountains. These positive trends could lead
to significant vegetation losses due to fires, as it has been seen that the
decrease in relative humidity (RH), during times of high temperatures
favours its spread, e.g. in the Klamath Mountains (Estes et al., 2017).

In autumn clear increases are found throughout the State (Fig. 7).
The highest increases in this season are obtained in the Sierra Nevada
territories from the north to the south of the State. In this case biocli-
matic drought thrives in mountainous areas of California such as Sus-
anville (+3.5 units year‘l), Downieville (+2.5 units year_l),
Independence (+3 units year’l), Mount Whitney (43.5 units year’l),
and the San Rafael Ranges (+1.5 units year1). This is supported by
other research that showed a correlation between the Palmer Drought
Severity Index (PDSI) and peak soil moisture in late summer and autumn
across much of the western United States (Littell et al., 2016). It is
important to mention that this season is critical for wildfires, because it
is the beginning of the transition to the wet season, and for future pro-
jections (McEvoy et al., 2020).

Previous studies have found that a more water-limited regime is
projected due to substantial decrease in precipitation in spring and
autumn (Gonzalez-Pérez et al., 2022b; McEvoy et al., 2020) with
increased evapotranspiration that will further increase the imbalance
between these two (McEvoy et al., 2020).

Analysing winter trends, we observe an increase in bioclimatic
drought in the south of the State, as well as at the monthly level. It is
worth noting that during this season values of (+6 units year ) are
reached in the areas surrounding San Diego and Los Angeles. Cal-
ifornia’s drought relationship with ENSO (El Nino-Southern Oscillation)
has led to a change in the State’s drought risk in the 21st century, mainly
due to winter moisture (Allen and Anderson, 2018). Indeed, persistent
negative Pacific Decadal Oscillation (PDO) conditions (Newman et al.,
2016), consistent with the amplification evidence can be linked to
excessively wet winters in California. In fact, Gonzalez-Pérez et al.
(2022b) showed that the PDO and precipitation in December are highly
correlated. Furthermore, the western U.S is likely to experience inten-
sified and extreme hydrological cycles (Simon Wang et al., 2017).

3.2.3. Annual trends

Finally, according to the annual results, positive trends in the
Ombroxeric Index were detected in most of the State (Fig. 7). In addi-
tion, the period from January to May showed the highest positive cor-
relation value with the positive annual trend of the ombroxeric drought
(Fig. 6). The main increases are found in the southern areas of the State.
In these zones, wind has a significant impact on California’s drought
conditions. Strong winds can cause rapid evaporation of soil moisture,
leading to drought conditions. Additionally, strong winds can exacer-
bate wildfires, which are a significant contributor to drought settings
(Littell et al., 2016). California’s Santa Ana winds are known to be
particularly dangerous and are linked to teleconnection patterns (Cardil
et al., 2021). They are also hot and dry and can quickly spread wildfires,
causing significant environmental damage and increasing drought
(Guzman-Morales and Gershunov, 2019; Raphael, 2003). Furthermore,
recent research has shown that drought periods are characterised by
higher temperatures and lower relative humidity (RH) and wind speed,
compared to non-drought periods (Lee et al., 2023).

Increases are found over the Sierra Nevada territories such as
Bakersfield (+13 units year’l), Owens Lake and Mount Whitney (47
units year 1), Nevada City and Lake Tahoe (+9 units year '), and
remarkably the trend in these areas is statistically significant (Fig. 7).
This is consistent with previous research showing decreases in the value
of drought indices such as the Palmer Drought Severity Index (PSDI), the
Palmer Hydrological Drought Index (PHDI) and the Palmer Moisture
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Anomaly Index (Z-Index). Five-year results from U.S. drought moni-
toring show comparable results to our trend analysis (U.S. Environ-
mental Protection Agency, 2022). In fact, this supports our results
suggesting an increase (+6 units year ') in the frequency of drought
occurrence (Fig. 5), except for the two wettest regions (North Coast
Drainage and Sacramento Drainage) (He and Gautam, 2016). Indeed,
our results showed negative trends in the northern coastal areas of
Eureka (—3 units year’l) and the Coast Ranges (—1.5 units year’l).

Due to the diversity of California’s vegetation, the response to
drought may differ. This is the case in a study where a high correlation
between PDSI and NDVI was observed in the southern parts, implying a
high sensitivity of chaparral, desert scrub, and grasslands to increasingly
dry and warm conditions in this already arid environment (Dong et al.,
2019a), where, according to our results, bioclimatic drought will
become more frequent and severe. As we have observed, there will be a
recurrent tendency towards drought in spring and almost all months,
especially in this southern part of the State.

In brief, the trend analysis showed regional differences in the trends
of the Ombroxeric Index while some areas show positive trends, indi-
cating worsening drought conditions, others show no significant trend.
This suggests that the severity of bioclimatic drought varies across
different regions of California. The annual trend analysis indicates that
the majority of meteorological stations (82%) exhibit positive trends in
the Ombroxeric Index. This suggests a general increase in bioclimatic
drought severity over the study period. These positive trends observed in
the Ombroxeric Index indicate a potential long-term increase in drought
conditions in California. This could have implications for water resource
management, agricultural practices, and drought preparedness mea-
sures in the State. Moreover, the increasing frequency and severity of
drought conditions could have a significant impact on chaparral, desert
scrub, grasslands, and other vegetation types, such as coniferous species
(Gonzalez-Pérez et al., 2023) leading to changes in their distribution and
habitat suitability.

4. Conclusions

In this paper, monthly, seasonal and annual bioclimatic drought has
been investigated for the first time applying the Ombroxeric Index for
the entire State of California (1980-2016). Its validity and applicability
at different scales have been tested, with results consistent with previous
research. Trend analysis was also carried out using both modified Mann-
Kendall and Sen’s slopes. The trends were presented in maps resulting
from the Empirical Bayesian Interpolation technique. From these results
we can conclude the following:

-Annually, California shows a wide range of ombroxeric levels,
varying from upper strong dry in the northern part of the State to lower
weak arid in both the Sonora and Mojave deserts. Trend results show
increases throughout the State, being particularly high (+13 units
year™!) around Bakersfield although decreases appear (—3 units year 1)
in the surrounding area of Eureka.

- Focusing on monthly values, June, July and August are the months
that show the highest levels of the Ombroxeric Index (lower ultra-
hyperarid), particularly in southern California. Indeed June, shows
positive trends (+4 units year*l) in Lake Tahoe and in the northern
territories of the State and it is most related to the summer positive
trends. However, the trends for the months of July and August do not
represent major variations for the study period, as there is no trend in
most of the area.

-January, March and November are the months with the highest
values of positive trends of up to +4.4 units year !, particularly in the
southern part of the State (Sonora and Mojave deserts). Meanwhile,
September have shown remarkably positive trends in the north-eastern
areas. In addition, these are the months most closely correlated with the
trend of the respective seasons to which they belong.

- Seasonally, California shows a gradual increase in bioclimatic
drought. Thus, in the winter months, ombroxericity is isolated to the
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southernmost part of the State, whose highest level is upper strong
semiarid. In spring there is a gradual increase in bioclimatic drought.
which does not reached in the highest areas of the Sierra Nevada and the
north-western coast of the State. The maximum level reached in this
season is upper ultrahyperarid. In summer, the highest OXI values are
attained throughout the territory studied, with the lower ultrahyperarid
level dominating in the southern zone and in both central valleys. In
autumn, bioclimatic drought is observed throughout the State. In addi-
tion, the extent of hyperarid and ultrahyperarid ombroxerotypes dom-
inates in the southern half of California. Seasonal trends provide positive
values for the Ombroxeric Index over most of California, although there
are negative trends in spring in areas of the west coast such as the Eureka
and the Klamath Mountains.

Although it is true that on a monthly and seasonal scale, there are
negative trends for this index, during the period studied there is a clear
increase in bioclimatic drought, which may lead to variations in the loss
of natural vegetation in California, and is directly related to the increase
and severity of fires, as has been mentioned in other studies.

Knowing the levels and classifying the territories of California with
the values of bioclimatic drought that we have shown, will make it
possible to carry out a study of the types of vegetation that can develop
in each of these levels in the face of future climate change scenarios. For
this reason, it is important to know the evolution of the index in the
context of climate change, in order to identify the vegetation that could
survive in the new conditions. It is therefore necessary to stress the
importance of studying the future relationship between bioclimatic
drought and vegetation, and what is more, other aspects such as land
use, human activity, etc.
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