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ABSTRACT

Monitoring drought conditions in arid and semiarid regions characterized by high levels of intra- and in-

terannual hydroclimatic variability is a challenging task. Typical drought-monitoring indices that are based on

monthly-scale data lack sufficient temporal resolution to detect hydroclimatic extremes and, when used

operationally, may not provide adequate indication of drought status. In a case study focused on the Four

Corners region of the southwestern United States, the authors used recently standardized World Meteoro-

logical Organization climate extremes indices to discern intra-annual hydroclimatic extremes and diagnose

potential drought status in conjunction with the simple metric of annual total precipitation. By applying data-

reduction methods to a suite of metrics calculated using daily data for 1950–2014, the authors identified five

extremes indices that provided additional insight into interannual hydroclimatic variability. Annual time

series of these indices revealed anomalous years characterized by shifts in the seasonal distribution of pre-

cipitation and in the intensity and frequency of individual events. The driest 4-yr intervals over the study

period, characterized by similar annual and interval total precipitation anomalies, represent dramatically

different assemblages of index values, which are interpreted as different ‘‘flavors’’ of drought. In turn, it is

expected that varying drought impacts on ecosystems, agricultural systems, and water resources would

emerge under these different flavors of drought. Results from this study indicate that operational drought

monitoring and historical drought assessments in arid and semiarid regions would benefit from the additional

insight that daily-based hydroclimatic extremes indices provide, especially in light of expected climate

change–driven changes to the hydrologic cycle.

1. Introduction

Arid and semiarid regions have low mean annual pre-

cipitation but also often have high amounts of spatial and

temporal variability in the precipitation that does fall

(Noy-Meir 1973; Davidowitz 2002). This inherent vari-

ability makes defining and monitoring drought conditions

over time very difficult, hampering efforts to develop ef-

fective drought-monitoring, response, and mitigation

plans. Drought indices typically use monthly-scale data

and often focus on moving windows like in the stan-

dardized precipitation index (SPI; McKee et al. 1995) or

integrate conditions over seasonal and longer time scales

like in the Palmer drought severity index (PDSI; Heim

2002). The seasonal timing, frequency, and intensity of

precipitation events can often be as important as or more

important than precipitation totals tracked in typical in-

dices relative to different types of drought impacts on

ecosystems and hydrological conditions (Holden et al.

2007; Dettinger et al. 2011; Hottenstein et al. 2015;Moran

et al. 2014). Holden et al. (2007) found the timing and

intensity of precipitation events rather than precipitation

totals to be the best predictors of historical variability in

wildfire severity in a southwestern U.S. forest ecosystem.

Similar results have been found in semiarid grassland

ecosystemswheremetricsmeasuring precipitation timing,

intensity, and frequency were all better predictors of

overall soil moisture status and plant growth at multiple

time scales (Loik et al. 2004; Lauenroth and Bradford
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2012; Zhang et al. 2013; Hottenstein et al. 2015; Moran

et al. 2014; Gremer et al. 2015; Barnes et al. 2016). Soil

moisture levels are often cited as the best indicator of

potential drought status given their direct connection to

plant health in ecosystems and agricultural systems, fuel

moisture levels, and interactions with surface and sub-

surface hydrological conditions, but observations are very

limited, and new networks are expensive to install and

maintain (Legates et al. 2011; Quiring et al. 2016). Intra-

annual precipitation variability exerts a strong influence

on soilmoisture status in arid and semiarid climates and in

turn can be a large factor in controlling levels of drought

andwater stress (Loik et al. 2004). Strategies to gauge and

track intra-annual precipitation variability using existing

networks of daily precipitation observations offer a sim-

ple approach to assess potential soil moisture–related

drought stress situations in these regions.

Climate indices to track shifts and trends in tempera-

ture and precipitation extremes have been recently in-

troduced and standardized to support regional climate

assessments and modeling efforts that are focused on

climate extremes (Zhang et al. 2011). These indices were

designed to be broadly applicable and easily calculated

from daily data, offering the potential to capture often-

subtle shifts in the timing, intensity, and frequency of

precipitation as well as cold and warm temperature ex-

tremes (New et al. 2006; Arriaga-Ramírez and Cavazos

2010; Zhang et al. 2011; Booth et al. 2012). The IPCC

(2012) notes that increasing extremes are pronounced in

modeling projections and may lead to shifts in hydro-

climatic variability such as increasing numbers of dry days

and longer dry spells in some regions, including the

western United States. Some of these indices have been

incorporated into recent ecosystem studies as well, as it

has been noted that precipitation extremes perform bet-

ter at explaining ecosystem productivity and emergent

drought impacts (Zhang et al. 2013; Hottenstein et al.

2015; Moran et al. 2014). Even though these indices to

date have been largely applied in assessments of regional

climate change and inmodeling-output studies, they have

direct utility in drought monitoring and as complemen-

tary drought indices to track subtle shifts in intra-annual

hydroclimatic variability. Utilizing these indices in oper-

ational drought monitoring offers the potential for im-

proving drought early-warning systems as well as helping

to better diagnose and define drought conditions that are

unique to the highly variable climates of arid and semi-

arid regions. This paper highlights a case study in which

climate extremes indices were used to examine historical

drought variability across tribal lands of the Four Corners

region of the southwestern United States. The results

provide additional insight into the character and nature of

past droughts in the region relative to the unique

resource-management challenges that exist in this area,

using a novel approach that can be employed in other

regions with arid and seasonal climates.

2. Study area: Four Corners region of the
southwestern United States

The Four Corners region (Fig. 1) in the southwestern

United States is home to several Native American

communities, including the Hopi Tribe and the Navajo

Nation, both of whom have been heavily impacted by

ongoing drought conditions that extend back to the late

1990s (Crimmins et al. 2013, 2015; Ferguson et al. 2011,

2016; Meadow et al. 2013). Declining levels in surface

water resources and springs, decreasing vegetation

cover and increasing soil erosion, and impacts on dry-

land agricultural activities have all emerged as severe

drought impacts across the region over the past two

decades (Faulstich et al. 2013; Ferguson et al. 2016).

Since 2009, we have collaborated with the Hopi De-

partment of Natural Resources (HDNR) on a project to

understand and monitor drought conditions in the Four

Corners region. The initial concern of the HDNR in

contacting authors Crimmins and Ferguson was to ob-

tain help in improving hydroclimatic monitoring across

the region, because they did not think that drought

conditions were accurately portrayed in the U.S.

Drought Monitor. The HDNR is responsible for man-

aging rangelands, wildlife, and some water resources on

the 647 500 ha of the Hopi Reservation. As part of our

collaboration, we worked closely with HDNR resource

managers and also carried out a series of interviews

about drought with a range of Hopi drought stake-

holders both within and outside theHDNR, which led to

insights about the unique management issues and hy-

droclimatic information needs related to timing and

frequency of precipitation (Ferguson et al. 2016).

The arid to semiarid climate of the region and the in-

herently high levels of seasonal and interannual variability

in precipitation make defining and tracking drought

conditions difficult. Total precipitation amounts are often

less important than the seasonal timing and frequency of

precipitation events relative to drought impacts like

wildfire risk, invasive-species encroachment, rangeland

conditions, and dryland agriculture (Dominguez and

Kolm2005;Holden et al. 2007;Draut et al. 2012; Ferguson

et al. 2016). The average annual cumulative precipitation

curve shown in Fig. 2 illustrates the overall low annual

precipitation amount typical to the region and also the

distinct seasonal transitions in hydroclimate throughout

the year. Each season has distinct importance from an

ecosystem-service and resource-management perspective

relating to local water resources and agroecosystems
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(Meadow et al. 2013; Ferguson et al. 2016; Fig. 2). Cool-

season precipitation is typically associated with frontal

storm systems and can bring high-elevation snow and

soaking rains important to local water resources. Summer

convective storms associated with the North American

monsoon system bring critically timed moisture that ends

the wildfire season and supports warm-season grasses that

drive forage production but also can bring flooding rains

(Hereford and Webb 1992; Sheppard et al. 2002; Finger

and Morehouse 2007). Schwinning et al. (2008) note that

the seasonal-transitional climate of this region that is due

to its geographic location and topographic relief make it

especially vulnerable to high levels of seasonal-to-

interannual variability and acute drought impacts.

Through interviews with drought stakeholders in the

Four Corners region, we found that the timing of pre-

cipitation throughout the year is particularly important.

For example, late-winter precipitation (usually in the

form of snow) increases soil moisture in time for plant-

ing early bean crops in the spring.Without the spring soil

moisture, farmers may have to haul water, at consider-

able time and expense, to support their crops. Dryland

farmers in the region also rely on monsoon storms in the

summer to aid crop growth before harvest in late

September or October. Our interviews and other recent

work with Hopi farmers (Rhoades 2013) have recorded

farmers’ concerns that these key storms seem to be

coming later in the autumn than is ideal.

3. Methods

a. Data

To calculate climate extremes indices for examina-

tion in this study, long-term climate records with daily

resolution were required. Fourteen stations in and

around the tribal lands of the Four Corners region

were selected from the NOAA Global Historical Cli-

mate Network (GHCN) database (Menne et al. 2012)

on the basis of limited missing observations (generally

less than 25% missing in any given year) and com-

pleteness of record over the 1950–2014 period (Fig. 1,

Table 1). Five of the 14 stations have records shorter

than the 1950–2014 study period but were included to

improve the geographic coverage of observations

across the study region. We calculated 12 precipitation

extremes indices on the basis of Klein Tank et al.

(2009) as well as an additional seasonality metric

(day of year with 50% of cumulative annual total

FIG. 1. Study area encompassing the Four Corners region of the southwestern United States, including bound-

aries for the Hopi Reservation and Navajo Nation and locations of NOAAGHCN stations (orange circles) used in

climate analyses. Eastern areas of the Navajo Nation, which are of mixed federal and private ownership and

management, are not shown on this map.

APRIL 2017 CR IMM IN S ET AL . 991



precipitation) for each station for each year in the

period of record. Annual total precipitation and an-

nual average temperature were also retained for each

station year. Years at a station with more than 10% of

the observations missing were set to missing for the

entire year for each index calculation.

b. Climate extremes indices

We created a regional composite annual time series

for each index using the standardized anomaly index

approach put forth by Katz and Glantz (1986). The

station-level annual time series for each index was

converted into standardized anomalies (z scores) using

1961–90 as the common reference period for the cal-

culation of mean and standard deviation values. We

then averaged the standardized anomalies for the 14

stations into a single regional composite time series for

each index. The mean and standard deviation values

for each station-level anomaly calculation were re-

tained and averaged to derive a single, global mean

and standard deviation for each index. This approach

minimizes the effect of missing data and stations with

FIG. 2. Regional composite average daily cumulative precipitation developed from 14 NOAAGHCN stations on the Hopi Reservation

and Navajo Nation over the period of 1950–2014 (solid black line). The minimum and maximum (red dashed lines) and 1 standard

deviation above and below themean (blue dashed lines) of daily cumulative precipitation totals as based on regional composite values are

also depicted. Seasons and key resource-management concerns derived from regional fieldwork and interviews with stakeholders are

shown in boxes near the top of the figure (Meadow et al. 2013; Ferguson et al. 2016).

TABLE 1. NOAA GHCN stations used in this study on the Hopi Reservation and Navajo Nation in the Four Corners region of the

southwestern United States.

Station Lat Lon Elev (m) Period of record used

Aztec Ruins National Monument, NM 36.848 2108.008 1720 1950–2014

Betatakin, AZ 36.688 2110.548 2221 1950–2014

Bluff, UT 37.288 2109.568 1316 1950–2014

Canyon de Chelly, AZ 36.158 2109.548 1710 1970–2014

Chaco Canyon National Monument, NM 36.038 2107.918 1882 1950–2014

El Morro National Monument, NM 35.048 2108.358 2202 1950–2014

Hovenweep National Monument, UT 37.398 2109.088 1597 1957–2014

Mexican Hat, UT 37.158 2109.878 1252 1950–2014

Natural Bridges National Monument, UT 37.618 2109.988 1984 1965–2014

Page, AZ 36.928 2111.458 1302 1957–2012

Petrified Forest National Park, AZ 34.808 2109.898 1660 1950–2014

Sunset Crater National Monument, AZ 35.378 2111.548 2128 1969–2014

Winslow Municipal Airport, AZ 35.038 2110.728 1489 1950–2014

Wupatki National Monument, AZ 35.528 2111.378 1496 1950–2014
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different periods of record contributing to regional

signal (Katz and Glantz 1986; Balling and Wells 1990).

These values were then used to transform the regional

composite standardized anomaly values back into the

original units of each index. The calendar year was

used for the annual time series to match other histor-

ical drought assessments conducted across the region

(e.g., Hereford et al. 2002; Breshears et al. 2005) but

could be readily adjusted to the water year with some

minor impact on the temporal variability of the dif-

ferent metrics.

To examine the correlation structure of the regional

composite precipitation indices and to identify a subset

of the indices that contribute additional explained

variance in the interannual signal of hydroclimatic

variability beyond total precipitation, we used princi-

pal components analysis. The first six principal com-

ponents explaining 95% of the variance were retained

for further analysis. We applied a varimax rotation to

these components and then correlated them with the

original index time series. The highest-correlating in-

dex with each rotated principal component time series

was then used as a key index, contributing additional

information on interannual hydroclimatic variability

beyond total precipitation alone. The key, selected

variables, including total annual precipitation, are

listed along with their abbreviation definitions in Table 2

and describe different elements of hydroclimatic vari-

ability that can be used to diagnose potential latent

drought situations that arise because of unusually long

dry spells (CDD), low effective precipitation as a result

of accumulations occurring in a few large events

(RX1day, RX5day, and SDII), and large shifts in the

seasonality of precipitation accumulations that could

signal lack of soil moisture at critical times in the annual

cycle (P50DAY). Even though these indices are pre-

sented as annual values, they can be used to infer

whether subannual, shorter-term drought conditions

may have been present within the year because of shifts

in the timing, intensity, and frequency of precipitation.

These types of soil moisture–related drought impacts

would be more akin to ‘‘agricultural’’ droughts, which

occur on the order of months to seasons, even though

the time scale of analysis is at the annual scale. The lack

of systematically collected drought-impact data for the

study period in this region precluded a rigorous evalu-

ation of the type and time scale of drought impacts to

which each index best relates, but studies referenced

previously using similar indices lend credence that they

relate to soil moisture–related impacts such as seasonal

vegetation production and stress, wildfire activity, and

the effectiveness of precipitation at recharging and

maintaining soil moisture levels (Holden et al. 2007;

Dettinger et al. 2011; Zhang et al. 2013; Hottenstein

et al. 2015; Moran et al. 2014).

c. Hydroclimatic extremes index

We developed a hydroclimatic extremes index

(HCEI) to identify years in which multiple extremes

may be contributing to especially unusual shifts in the

timing, frequency, and intensity of precipitation that

could mask potential drought conditions that are not

readily evident in simple precipitation totals. Each of

the key climate extremes indices was rescaled to a rank

percentile value and summed for each year. To capture

the magnitude of shifts in timing, the absolute differ-

ence in P50DAY from median was used in the per-

centile rank calculation, meaning that very early or

very late dates would have high percentile ranks. The

maximum theoretical HCEI value is then 5, which

would indicate that each metric was the most extreme

value relative to its own time series.

4. Results and discussion

a. Interannual variability in precipitation relative to
climate extremes indices

Regional composite annual precipitation is shown in

Fig. 3a and depicts substantial amounts of interannual

variability around the median of 240mm, with the

driest year being 1950 (121mm) and the wettest year

being 1957 (355mm). This pattern of interannual var-

iability is consistent with other studies that describe

protracted, multiyear drought periods in the early

1950s and 2000s as well as an extended pluvial that

persisted through much of the 1980s (Hereford et al.

2002; Breshears et al. 2005; Weiss et al. 2009; Faulstich

et al. 2013). Much of the interannual variability over

this period has been linked to the impact of El Niño–
Southern Oscillation (ENSO) on wintertime pre-

cipitation patterns (Redmond and Koch 1991; Cayan

TABLE 2. Final climate extremes indices selected for examina-

tion in this study on theHopiReservation andNavajoNation in the

Four Corners region of the southwestern United States.

Index Description Units

PRCPTOT Annual total precipitation mm

RX1day Annual max 1-day precipitation mm

RX5day Annual max consecutive 5-day

precipitation

mm

CDD Max no. of consecutive dry days days

SDII Simple daily intensity index:

average precipitation on wet

days (.0.254mm)

mmday21

P50DAY Day of year with 50% of cumulative

annual total precipitation

day
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et al. 1999) and Pacific Ocean sea surface temperature–

driven decadal variability at longer time scales (Dai

2013). The individual climate extremes indices shown in

Figs. 3b–f add further insight into the nature of the sub-

annual precipitation variability relative to the annual

totals depicted with PRCPTOT (defined in Table 2). For

example, the extended pluvial from the late 1970s to the

late 1980s had consistently below-median dry spell

lengths (CDD) but a mix of above- and below-median

RX1day, RX5day, and SDII values, indicating that some

years had more of their annual precipitation in fewer,

more intense events even though the annual totals are

similar. In addition, P50DAY indicates that the timing of

the bulk of cumulative precipitation was variable from

year to year over this period, with some years shifted

toward winter- or summer-season-dominated pre-

cipitation events. Both 1980 and 1988 had near-median

precipitation, but 1980 received one-half of its pre-

cipitation by day 118 (late April) versus day 188 (early

July) in 1988. These different mixes of timing, frequency,

and intensity of precipitation events represent sub-

stantially different intra-annual hydroclimatic regimes

even though annual total precipitation is above median

and similar over the period.

b. Variability in the hydroclimatic extremes index

Figure 4 shows annual HCEI values, with the lowest

occurring in 1958 (0.83) and the highest in 1972 (4.95).

There is a slight upward but nonsignificant trend (Ken-

dall tau-b 5 0.14; significance level p 5 0.09) over the

study period, with generally lower values in the 1950s

and early 1960s and higher values in the 1990s and early

2000s. PRCPTOT (Fig. 3a) is significantly correlated

with both ENSO [oceanic Niño index (ONI)—3-month

running mean of Niño 3.4 SST anomalies: correlation

coefficient r 5 0.42; p , 0.001] and the Pacific decadal

oscillation (PDO) [PDO index (Mantua et al. 1997):

r 5 20.51; p , 0.001], but the HCEI values are not

significantly correlated with either index (ONI: r5 0.13,

with p 5 0.28; PDO: r 5 20.18, with p 5 0.13). The

HCEI is capturing a different, but complementary,

portrait of interannual and decadal variability in hy-

droclimatic conditions over this region during a period

often simply characterized as intervening wet and dry

FIG. 3. (a) Total annual precipitation (below median: brown; above median: green), (b)–(e) standard climate extremes indices using

codes from Table 2 (below median: orange; above median: blue), and (f) custom seasonality metric (later than median: red; earlier than

median: teal) for 1950–2014. Red horizontal lines indicate median values.
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periods controlled by ENSO and decadal variability in

Pacific Ocean SSTs (Seager and Vecchi 2010; Dai 2013).

For example, the extended pluvial from 1978 to 1988 had

an average HCEI of 2.7, indicating that the combination

of individual extremes metrics was neither extremely

high nor low, representing an overall relative evenness

in precipitation intensity, frequency, and timing. Most

individual metrics were near median values for each

year in this period, indicating that this wet period was

not necessarily driven by a handful of extreme-

precipitation events but by an overall increase in the

frequency of precipitation events distributed throughout

the year. We expect that this pattern in precipitation

variability was more beneficial to recharging soil mois-

ture, reducing wildfire risk, and supporting water-

limited ecosystems and agricultural systems (Swetnam

and Betancourt 1998; Hereford et al. 2002, 2006).

c. Comparing the 1950s and 2000s drought periods

We will evaluate two multiyear drought periods with

exceptionally low annual precipitation that stand out in

the regional precipitation time series and have been

examined by other studies (Breshears et al. 2005;

Quiring and Goodrich 2008; Weiss et al. 2009). The

periods from 1953 to 1956 and from 2000 to 2003 rep-

resent the driest 4-yr intervals during the study period

and are tied to extensive drought impacts across

the southwestern United States, including large-scale

vegetation mortality, impacts on local water resources,

and exceptionally large wildfires (Neilson 1986; Allen

and Breshears 1998; Swetnam and Betancourt 1998;

Breshears et al. 2005; Weiss et al. 2009). Several of

these studies note that the more recent drought in the

early 2000s was warmer than the 1950s drought period,

exacerbating drought impacts (Breshears et al. 2005;

Weiss et al. 2009). A comparison of HCEI values

highlights that the intra-annual hydroclimatic vari-

ability was substantially different between these two

drought periods as well. HCEI values were below 2.5

for each year from 1953 to 1956 and above 2.5 for three

of four years in the 2000–03 period, reflecting a higher

level of hydroclimatic extremes during this later

drought period. The higher HCEI values in 2000–03 are

driven by a combination of longer dry spells (CDD),

higher 1- and 5-day precipitation extremes (RX1day

and RX5day), and shifts in P50DAY to later dates

relative to the 1950s drought period (Figs. 3a–f). The

HCEI values for the driest years in each of these pe-

riods, 1.5 in 1956 and 3.9 in 2002, highlight that dry

years can have dramatically different pathways to re-

ceiving their respective annual totals, which would

lead to different types of emergent drought impacts

throughout the year. For example, a shift toward in-

creased cool-season precipitation could signal better

soil moisture conditions at the beginning of the growing

season and an increased chance of recharging local

FIG. 4. Annual HCEI values, composed of percentile ranks (0–1) for five extremes indices

(listed in Table 2) for 1950–2014.
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water resources. In contrast, a shift toward later

P50DAY values could signal both poorer soil moisture

conditions as well as later onset of warm-season grass

growth, leading to poor range conditions. The combi-

nation of long dry spells and heavy intervening rain

events also would lead to poor soil moisture at critical

times within the year but may add up to near- or even

above-average precipitation totals.

Figure 5 shows the regional composite cumulative pre-

cipitation curves for 1956 and 2002. The year 1956 was

drier overall than 2002 but had a more even accumulation

of precipitation throughout the year, with even a short

period of above-average precipitation early in the winter

season. There were also frequent but small precipitation

events through the winter, spring, and summer seasons in

1956. In contrast, 2002 was characterized by almost no

winter precipitation followed by an extensive spring dry

spell. By early July, 2002 had less than one-half of the

precipitation that had accumulated by the same time in

1956. The accumulation of precipitation through the

summer season was similar between the two years but

diverged dramatically in late summer because of a single

multidayweather event in 2002.A slow-moving, cutoff low

pressure system brought widespread precipitation tomuch

of the southwestern United States between 10 and

13 September 2002, quickly boosting precipitation levels

across the study area (NOAA2016). This event is captured

by the above-median RX5day value for 2002, the fourth

largest value in the 1950–2014 study period. This multiday

precipitation event accounted for almost one-third of the

annual total in 2002 andoccurred relatively late in the year,

well after the peak of the spring and summer growing

seasons relative to local ecosystems and agricultural sys-

tems. Drought impacts occurring from the exceptionally

dry conditions in the winter and spring would have already

occurred andwould not have been relieved by this late and

intense event. The annual total in 2002 is higher than that

in 1956, but the pattern of precipitation alone in 2002

would conceivably lead to lower soil moisture conditions

and more drought stress at critical times of the year.

Considering only annual precipitation in characterizing

drought conditions among these years would miss the el-

ements of precipitation timing, frequency, and intensity

critical to understanding drought impacts in this region.

d. The hidden drought of 1972

The year with the most extreme HCEI value is a prime

example to show that total precipitation alone can be a

misleading drought metric. Annual precipitation in 1972

was 319mm, one of the top 10 wettest years in the 1950–

2014 study period, but the year also had anHCEI value of

4.9, very near the theoretical maximum of 5. This means

that all five of the individual hydroclimatic extremes in-

dices were near their maximum percentile values in 1972.

FIG. 5. Regional composite daily cumulative precipitation from 1 January through 31 De-

cember for 1956 (blue line), 1972 (red line), and 2002 (yellow line) along with the period

average (black line).
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Figure 5 shows the cumulative precipitation curve for

1972 to illustrate the extreme nature of the hydroclimatic

variability during this year; 1972 was much drier and had

longer dry spells than both 1956 and 2002 in the winter

and spring seasons. By the end of August, 1972 was only

slightly wetter than 1956. Similar to 2002, but in a much

more extreme manner, a series of short-term weather

events through October, including the landfall of Tropi-

cal Storm Joanne and a slow-moving, cutoff low pressure

system, brought widespread heavy rains to the region,

rapidly pushing cumulative precipitation values to much-

above-average values in a matter of days (Hereford and

Webb 1992; Phillips andThomas 2005). The late timing of

this precipitation again masks the drought impacts that

most likely emerged across the region earlier in the

winter and spring seasons. The drought in Arizona was

highlighted in a CBS Evening News broadcast from

18 May 1972 in which it was reported that Phoenix,

Arizona, was enduring a dry spell of 141 days, that a large

wildfire was being fought byU.S. Air Force water tankers

near Prescott, Arizona, and that ranchers across the re-

gion were selling off most of their livestock herds (https://

tvnews.vanderbilt.edu/broadcasts/223023). These same

drought conditions were present across the Four Corners

region, and therefore it was most likely experiencing very

similar impacts. The extreme nature of the ‘‘catch up’’

precipitation through October also most likely limited its

effectiveness in recharging soil moisture and improving

drought conditions related to longer-term deficits.

Extreme-precipitation events related to tropical storms

and, from a more general perspective, instances of trop-

ical moisture interacting with synoptic disturbances are

not uncommon across the southwestern United States in

the autumn season (Hirschboeck 1991;Wood andRitchie

2013). Hydroclimatic extremes indices can be useful in

identifying situations in which events like these have

made disproportionately large, early, or late contribu-

tions to annual total precipitation amounts.

5. Temperature, drought, and hydroclimatic
extremes

The role of increasing temperatures on drought stress

has been widely explored in historical analysis and with

climate projections suggesting that increasing tempera-

tures will lead to higher potential evapotranspiration rates

and increasing levels of aridity across the southwestern

United States (Woodhouse et al. 2010; Williams et al.

2013; Cook et al. 2015). Interpreting the hydroclimatic

extremes indices in conjunction with precipitation and

temperature lends further insight into potential drought

conditions and impacts that could emerge at the sub-

annual scale. Figure 6, a scatterplot ofHCEI values versus

PCPTOT percentiles and shaded by annual temperature

percentiles, visualizes different dimensions of hydro-

climatic variability and highlights years with different

potential ‘‘flavors’’ of drought. In general, the most ex-

treme drought years on the basis of annual precipitation

totals during the 1950–2014 period had HCEI values be-

low 2.5 (Fig. 6, lower-left quadrant) but were a mix of low

and high temperature percentiles. The year 1950 stands

out as the driest and near-warmest year but has a rela-

tively low HCEI value, indicating a relatively straight-

forward interpretation of potential drought stress and

impacts incurred through warm temperatures and overall

low precipitation. In contrast, 2002 stands out as not only

being warm and dry but exhibiting a relatively high HCEI

value, as discussed earlier, with latent impacts that are not

readily discernible from examining precipitation and

temperature interactions alone. There are several other

years in the lower-right quadrant of Fig. 6 that are char-

acterized by below-median precipitation and.2.5 HCEI

values that are amix of warm and cool years butmay have

latent drought impacts related to shifts in timing, intensity,

and frequency of precipitation that would warrant further

investigation in identifying historical drought events. For

example, 1962 and 2003 are very similar in terms of

drought magnitude and HCEI values but are very dif-

ferent in terms of temperature, with 1962 being cooler

than 2003. Temperature as a metric alone would suggest

that 2003 was worse in terms of drought stress simply

because of higher levels of potential evapotranspiration,

but the HCEI suggests that they may be more similar in

terms of soil moisture status throughout the year, driven

by the frequency, intensity, and timing of precipitation

events. The inclusion of an index that examines subannual

hydroclimatic extremes is a simple way to diagnose po-

tential impacts on soil moisture status and the annual

water balance as a complementary way to track drought

conditions in highly variable, seasonal climates.

6. Summary and conclusions

We used a suite of climate extremes indices to in-

vestigate historical hydroclimatic variability across tribal

lands of the Four Corners region in the southwestern

United States over the period of 1950–2014. The individ-

ual indices along with a combined index (HCEI) provided

additional insight into intra-annual hydroclimatic vari-

ability, which is important in diagnosing potential drought

impacts relevant to regional resource-management con-

cerns. In particular, the early 1950s drought and early

2000s drought were found to have different intra-annual

precipitation patterns, representing different flavors of

drought and presumably different types of impacts. Shifts

in the timing, intensity, and frequency of precipitation in
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this region can lead to direct impacts on ecosystems, local

water resources, and agricultural systems that are tightly

coupled with seasonal cycles in precipitation, tempera-

ture, and resulting soil moisture status.

Quantifying intra-annual hydroclimatic variability us-

ing daily-resolution precipitation data offers a simple

strategy to diagnose complex drought situations in arid

and semiarid regions like the Four Corners, where soil

moisture monitoring is virtually nonexistent. The use of

climate extremes indices retrospectively and the devel-

opment of the annual HCEI, as described in this study,

have the disadvantage that they cannot be used for real-

time operational drought monitoring directly. However,

our findings highlight the value of considering daily-scale

hydroclimatic variability in identifying and characterizing

potential drought conditions. This retrospective approach

can, though, be used to enhance historical drought as-

sessments in support of the development of drought plans

(e.g.,Wilhite et al. 2000) and can help to identify extremes

indices that are worth considering for operational moni-

toring given unique local climate conditions and drought-

monitoring needs. Some existing real-time monitoring

products, such as the U.S. Geological Survey Early

Warning and Environmental Monitoring Program

(https://earlywarning.usgs.gov/usraindry), provide maps

of rain days and dry spells, similar to metrics examined in

this study that could be used to support operational

drought monitoring. Developing new drought indices and

monitoring products that are based on daily climate ob-

servations would further enhance drought monitoring, as

illustrated in this study. Several station-based climate-

monitoring products that highlight daily hydroclimatic

variability have been developed for the southwestern

United States (e.g., cool-season climate summaries; http://

cals.arizona.edu/climate/misc/CoolSeason/CoolSeason_

summaries.html) and are being used to support opera-

tional drought monitoring across the region.

The use of these climate extremes indices has also il-

lustrated that complex pathways to drought can emerge

at the intra-annual scale and are not necessarily fully

captured by simple metrics of total precipitation and

temperature. Detecting the nuances related to seasonal

shifts or frequency of precipitation events in some of

these past drought situations would be difficult to do

FIG. 6. Relationship of percentile rank for annual total precipitation, HCEI, and percentile rank for annual average

temperature to each other.
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using an index like the Palmer drought severity index,

which has implicit autocorrelation frommonth tomonth

(Dai 2011), or with the multiple time scales available

through the standardized precipitation index that would

need to be consulted simultaneously (Vicente-Serrano

and López-Moreno 2005). Drought intensity driven by

warming temperatures has been illustrated in numerous

studies, but intra-annual hydroclimatic variability can

also drive the emergence of intense drought situations

that are based on shortages in soil moisture at critical

times of the year. Tools to diagnose and identify drought

situations relevant to arid and semiarid regions with

strong seasonality in precipitation are necessary to

support resource managers and planners working in

these areas. These monitoring products, when used with

traditional, monthly-based drought-monitoring indices

like SPI and PDSI, have provided additional and im-

portant insight into the relevant aspects of seasonal and

intra-annual hydroclimatic variability that drive the

emergence and amelioration of drought conditions in

this region. Given that hydroclimatic variability is ex-

pected to increase in a warming climate (Giorgi et al.

2011), explicitly accounting for subseasonal and intra-

annual precipitation variability will be even more im-

portant for drought-monitoring efforts into the future.
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