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ABSTRACT

Climate change is expected to have long-term impacts on drought and wildfire risks in Oregon as summers continue to
become warmer and drier. This paper investigates the projected changes in drought characteristics and drought propagation
in the Umatilla River Basin in northeastern Oregon for mid-century (2030-2059) and late-century (2070-2099) climate
scenarios. Drought characteristics for projected climates were determined using downscaled CMIP5 climate datasets from
ten climate models and Soil and Water Assessment Tool to simulate effects on hydrologic processes. Short-term (three
months) drought characteristics (frequency, duration, and severity) were analyzed using four drought indices, including the
Standardized Precipitation Index (SPI-3), Standardized Precipitation-Evapotranspiration Index (SPEI-3), Standardized
Streamflow Index (SSI-3), and the Standardized Soil Moisture Index (SSMI-3). Results indicate that short-term
meteorological droughts are projected to become more prevalent, with up to a 20% increase in the frequency of SPI-3
drought events. Short-term hydrological droughts are projected to become more frequent (average increase of 11% in
frequency of SSI-3 drought events), more severe, and longer in duration (average increase of 8% for short-term droughts).
Similarly, short-term agricultural droughts are projected to become more frequent (average increase of 28% in frequency of
SSMI-3 drought events) but slightly shorter in duration (average decrease of 4%) in the future. Historically, drought
propagation time from meteorological to hydrological drought is shorter than from meteorological to agricultural drought in
most sub-basins. For the projected climate scenarios, the decrease in drought propagation time will likely stress the timing
and capacity of water supply in the basin for irrigation and other uses.
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Article Highlights:

¢ Droughts are projected to be more prevalent in the Umatilla River Basin under future projected conditions.

* Spatial variability in meteorological drought characteristics (SPI and SPEI) illustrate multiple levels of climatic stresses
in the basin.

¢ Drought propagation from meteorological to hydrological drought is shorter than meteorological to agricultural drought
by an average of two months.

Introduction

(Zhao and Dai, 2015). Drought is typically defined as a

Drought is a creeping natural disaster that develops
slowly and quietly over time (van Loon, 2015; Mukherjee et
al., 2018; Ault, 2020). Drought affects a large portion of the
population and is one of the most damaging natural disasters
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period of time with prolonged dryness resulting mostly
from lower than “normal” precipitation (Mishra and Singh,
2010; Ding et al., 2011). “Normal” precipitation refers to
the average precipitation value over a span of 30 years.
Drought is an expensive disaster, costing the United States
approximately $285.4 billion between 1980 and 2021
(NOAA National Centers for Environmental Information,
2022).

Precipitation and temperature are the main drivers of
drought as they largely determine the levels of snowpack,
soil moisture, and streamflow. These drivers are commonly
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used in drought indicators (Oregon.gov, 2021). Physical
droughts can be divided into three categories: meteorological
drought, hydrological drought, and agricultural drought. Mete-
orological droughts are typically associated with precipitation
deficits (Li et al., 2017), and are defined based on the
degree of dryness compared to the “normal” amount and the
duration of the dry period (National Drought Mitigation Cen-
ter, 2021). Hydrological drought results from the effects of
precipitation deficit on the surface or subsurface water supply
and affect streamflow, lakes, ponds, etc. (Li et al., 2017;
National Drought Mitigation Center, 2021). Agricultural
drought results from soil moisture deficit. The deficits from
meteorological drought can propagate through hydrological
processes and interactions at the catchment scale to yield
deficits for hydrological and agricultural droughts (Apurv et
al., 2017; Zhang et al., 2022).

Drought indicators are parameters used to describe
drought conditions (Drought.gov, 2021), e.g., precipitation,
temperature, streamflow, soil moisture, snowpack, etc.,
whereas droughtindices are the computed numerical represen-
tations of drought stress assessed using drought indicators
(WMO and GWD, 2016) that help to gather meaningful
insights on drought patterns from the respective time series
data (National Drought Mitigation Center, 2022). The
choice of a drought index for a particular study depends on
the drought type and the required dataset's availability.
Researchers have developed various indices to understand
and characterize different types of droughts (WMO and
GWD, 2016). Keyantash and Dracup (2002) evaluated the
commonly used drought indices for the three types of physical
drought for two regions in Oregon (Willamette Valley and
North Central climate division) and identified rainfall
deciles, total water deficit, and computed soil moisture as "
superior" drought indices for meteorological, hydrological,
and agricultural drought, respectively. In contrast, the U.S.
Drought Monitor (USDM) uses a composite index that com-
bines drought indicators across the hydrological cycle with
information from local experts (Svoboda et al., 2002;
Leeper et al., 2022). The USDM uses the Palmer Drought
Severity Index (Palmer, 1965), Standardized Precipitation
Index (SPI; McKee et al., 1993), various indicators for soil
moisture and hydrology (USGS weekly streamflow), and
satellite images to obtain an Objective Drought Indicator
Blend and provide drought outlooks for the entire United
States (Svoboda et al., 2002). It provides information on the
drought intensity, affected area/population, and possible
impacts in map and tabular form. However, it is not a
drought forecast tool and only provides a monthly and sea-
sonal drought outlook for up to three months.

In the western United States, droughts have chronically
created deficits in the water supply over the last 22 years.
Many states are currently experiencing a mega-drought
amid an extremely dry year, heat waves, and record-breaking
high temperatures (Williams et al., 2022). For the Pacific
Northwest state of Oregon, the fifth Oregon Climate Assess-
ment Report (Dalton and Fleishman, 2021) projects that
under the continuation of current levels of greenhouse gas
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emission, the frequency of droughts is likely to increase as
summers continue to become warmer and drier. Dalton and
Fleishman (2021) also reported that for the period
2000-2020, about 37% of Oregon experienced moderate
drought, whereas 7% of Oregon experienced extreme
drought. For the severe drought in 2015, the state administra-
tion declared emergency drought declarations in 25 of its 36
counties (State of Oregon, 2016). Since then, the drought
emergency declarations for the following years have been
201811 counties, 2020-15 counties, 2021-26 counties, and
2022-17 counties (Oregon Water Resources Department,
2022). Clifton et al. (2018) studied the effects of climate
change on the hydrology and water resources in the Blue
Mountains region of Oregon and reported that by the 2080s
(2070-2099), diminished snowpack and low summer flows
are likely to reduce water supply for aquatic ecosystems, agri-
culture, municipal consumption, and livestock grazing in
areas lacking substantial groundwater.

Studies in the northwestern United States have also
involved model-based analyses of drought projections that
consider the effect of climate change. For example, Abat-
zoglou and Rupp (2017) evaluated 24 Coupled Model Inter-
comparison Project 5 (CMIP5) Global Climate Models
(GCMs) in simulating regional droughts to help users with
model selection. They found that CMIP5 models simulate
regional drought in the northwestern United States reasonably
well across different timescales. Ahmadalipour et al. (2017b)
analyzed the performance of 20 CMIP5S GCMs in the
Columbia River Basin (CRB) for climate change impact anal-
ysis using various univariate and multivariate methods.
They ranked the performance of the climate models for differ-
ent temporal scales (daily, monthly, and seasonal) and recom-
mended the ten-best representative GCMs for the CRB.
These GCMs Ahmadalipour et al. (2017b) were later used
by Ahmadalipour et al. (2017a) to study the projected
changesin meteorological and hydrological droughtcharacter-
istics in the Willamette River Basin that lies within the
larger Columbia River Basin.

This present study focuses on droughts in a complex
socio-ecological system in the Umatilla River Basin (URB)
in northeastern Oregon. The basin has been profoundly trans-
formed from its natural state due to anthropogenic activities
such as agriculture, water rights, and reservoir operations.
This study considers the current situation of the URB to be
a baseline scenario and analyzes how future scenarios com-
pare to the present. The Umatilla River Basin has suffered
droughts in the past, with Umatilla County submitting emer-
gency declarations due to low water conditions and drought
in 1992, 1994, 2002, 2003, 2005, 2015, and most recently,
in 2021. Morrow County had emergency drought declarations
in 1992, 2001-2005, 2013, 2015, 2018, 2020, 2021, and
2022. The main impacts of drought have been on agricul-
ture, fish and wildlife, and increased fire risk. Although the
region has been impacted by drought in the past and present,
only a few studies have been conducted to understand the
drought characteristics of the basin (Clifton et al., 2018; Dal-
ton, 2020; Dalton and Fleishman, 2021). In particular, Dalton
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(2020) studied the future climate projections in Umatilla
County and summarized how it impacts precipitation, temper-
ature, water availability, drought, and wildfire conditions in
the county. This study aims to provide a detailed drought anal-
ysis by exploring various drought characteristics and
drought propagation in the URB.

Specific objectives addressed by this study are as fol-
lows:

i) Evaluate and characterize the meteorological, hydrolog-
ical drought, and agricultural drought indices in the
Umatilla River Basin for historical (1981-2005) and pro-
jected future scenarios (2030-2059 and 2070-2099).

ii) Analyze and compare the drought propagation from
meteorological to hydrological and agricultural droughts in
the basin for the historical and projected climate senarios.

2. Methodology

2.1. Study area

The Umatilla River Basin lies in northeastern Oregon
and occupies a 2518 square mile area in the Middle
Columbia Basin (Fig. 1). The URB is an agriculture-depen-
dent basin with a semiarid climate characterized by low
annual precipitation, low winter temperatures, and high sum-
mer temperatures. The basin is in Umatilla and Morrow coun-
ties, with most of the basin occupying Umatilla County. The
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Umatilla River originates in the Blue Mountains region and
flows west to the Columbia River, providing water for irriga-
tion, water supply, agricultural use, industrial usage, etc., to
the basin's residents along the way. Approximately 87 700
people live within the Umatilla Basin (Tilt et al., 2022),
which includes the major population centers of Umatilla, Her-
miston, Pendleton, Pilot Rock, and the Confederated Tribes
of the Umatilla Indian Reservation (CTUIR). The mean
annual precipitation varies from 205 mm to 1424 mm, with
the eastern region of the basin receiving more precipitation
than the west. The URB has more than 1000 farms and
ranches, with approximately 20% of the farms bigger than
1000 acres (USDA, 2005). Around 23% of the land in the
basin (378,600 acres) is used for cultivating grain crops, and
111 000 acres of the land is irrigated, including 64 200
acres of cultivated cropland (USDA, 2005). Irrigation water
includes water from the Columbia River, Umatilla River,
groundwater, and water stored upstream of the reservoirs.
The region also consists of critical groundwater areas that
have experienced extreme declines in the groundwater levels
in both the alluvial and deep basalt aquifers (Oregon.gov,
2022).

For this study, the URB has been divided into four
zones based on the location, stream network, water availabil-
ity, land use, and drought characteristics of the sub-basins
(Figs. 1a—d). Zone 1 is characterized by the presence of the
Umatilla Indian Reservation, the Umatilla National Forest,
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Fig. 1. Umatilla River Basin (a) location, land use, and stream network, (b) sub-basins and zones in the URB, (c)

slope map, and (d) soil hydrologic group.
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and the Blue Mountains. The major population center in
Zone 1 is the city of Pendleton. Zone 2 is an underdeveloped
zone that has mountainous terrain and is a data-scarce
region. Little Butter creek lies in Zone 2, which is an important
source of surface water in the region. Almost half of the
area of Zone 2 lies in Morrow County. Zone 3 consists of
major populated areas such as Hermiston, Umatilla, Stan-
field, and Echo. This zone has major economic activities of
the basin, including most of the agricultural production and
food processing as well as the presence of industries and Ama-
zon data centers. The Lower Umatilla Basin Groundwater
Management Area (LUBGWMA) is also a part of Zone 3.
Zone 4 primarily consists of an agricultural area, and Wild-
horse Creek is a major source of surface water.

2.2. Climate data

In this study, we used the climate data from the Parame-
ter-elevation Regressions on Independent Slopes Model
(PRISM) and projected the climate data of the Umatilla
River Basin from 10 different climate models (Table S1 in
the Electronic Supplementary Materials, ESM). PRISM pre-
cipitation and temperature data from 1981-2019 were
obtained from the PRISM group's website (https://prism.ore-
gonstate.edu/). Daily gridded PRISM precipitation and
temperature data (1981-2005) with a spatial resolution of
800 m is used for creating the baseline scenario. The climate
projection data were obtained from Northwest Climate Tool-
box (https://climatetoolbox.org/) for the same PRISM grid
locations. Data obtained from the climate toolbox included
Past Weather Data (1950-2005) and Future Climate Projec-
tion Data (2006-2099) for the CMIP5 Representative Concen-
tration Pathways (RCPs) 4.5 and 8.5 scenarios of 10 GCMs.
The 10 models used to obtain the projected future precipita-
tion and temperature data include BCC-CSM1-1, CanESM2,
CCSM4, GFDL-ESM2G, GFDL-ESM2M, inmcm4, IPSL-
CMS5A-LR, [IPSL-CM5A-MR, IPSL-CM5B-LR, and
MIROCS, that were used in studies by Ahmadalipour et al.
(2017b) and Ahmadalipour et al. (2017a). RCP 4.5 scenario
represents intermediate stabilization pathways in which radia-
tive forcing is stabilized at approximately 4.5 W m~2 after
2100, whereas the RCP 8.5 scenario represents a high-emis-
sion scenario in which radiative forcing reaches greater than
8.5 W m2 after 2100 and continues to rise. All 10 GCMs
were downscaled to 0.06° x 0.06° spatial resolution using
the Bias Correction and Spatial Disaggregation method
(Wood et al., 2004).

2.3. SWAT model

A hydrologic model was developed for the URB using
the Soil & Water Assessment Tool (SWAT) 2012 (Neitsch
et al., 2011; Arnold et al., 2012, 2013). The SWAT model
of the URB was calibrated for the historical timeframe
(1981-2005) using the PRISM climate data for the basin. Cali-
brated SWAT parameters include snow parameters, ground-
water parameters, management parameters, hydrologic
response unit (HRU) parameters, soil parameters, routing
parameters, and reservoir parameters (Table S2 in ESM).
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The SWAT model of the URB consists of 147 sub-basins,
and the streamflow was calibrated at 12 gaging stations and
two reservoirs (Fig. S2 in the ESM). Once the model was cali-
brated for streamflows, reservoir storage, and crop yield, the
SWAT model was run for historical and future climate scenar-
ios using the Past Weather Data (1981-2005) for 10 models
and corresponding future climate projections (2030-2059
and 2070-2099). To understand the impacts of climate
change in the basin, certain assumptions regarding water
extraction and crop rotation in the basin were made during
the SWAT model simulations. For the SWAT model simula-
tions in projected future conditions, it is assumed that the
reservoir operations decisions from the calibrated model (his-
torical period) are respected. Actual crop rotation in the
basin from 2007-2018 was used to create the crop rotation
cycle in the SWAT model, and this 12-year crop rotation
cycle is assumed to stay constant between both historical
and future simulations of the SWAT model. Additionally, it
is assumed that water extraction from the Umatilla River tribu-
taries into the irrigation ditches in the future scenarios
(2030-2059 and 2070-2099) will remain the same as in the
historical period (1981-2005). Monthly streamflow, potential
evapotranspiration, and soil moisture output were extracted
from the SWAT model simulations for further analysis.

2.4. Drought indices

Based on the literature review of previous studies, we
selected the following indices to represent the various
drought categories: Standardized Precipitation Index (SPI),
Standardized Precipitation Evapotranspiration Index (SPEI)
for meteorological drought, Standardized Streamflow Index
(SSI) for hydrological drought, and Standardized Soil-mois-
ture Index (SSMI) for agricultural drought.

The SPI is a universally used index for meteorological
drought analysis due to its advantages such as simplicity
(only uses precipitation), versatility (can be computed at vari-
ous timescales for monitoring different droughts), and consis-
tency (due to its normal distribution) (Hayes et al., 1999).
However, the SPEI improves upon the SPI by considering
evapotranspiration, and the authors of the SPEI argue that it
is more reliable for climate change studies (Vicente-Serrano
et al., 2010). Due to the lack of information on the effective-
ness of these drought indices in the URB, it is important to
study both the SPI and SPEI to understand and compare the
drought characteristics to better inform stakeholders. Thus,
we have considered these two indices for meteorological
drought analysis. Computation of the drought indices was
done using the standard methodology in practice. The
USDM was not used as it has limited applicability in future
scenarios and requires various data that are not easily accessi-
ble.

2.4.1. Standardized Precipitation Index (SPI)

McKee et al. (1993) developed the method used for SPI
calculation to study the relative departures of precipitation
from their “normal” amount. The procedure in SPI calculation
involves the following steps: (i) precipitation data is fitted
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to a gamma distribution; (ii) cuamulative probability gamma
function is transformed to a standard normal distribution;
(iii) The SPI value is represented by the “z-score” in the stan-
dard normal distribution.

Monthly precipitation aggregates at various timescales
(1, 3, 6, 12, 18, 24 months, etc.) can be used as input in calcu-
lating SPI values at the corresponding timescales. Drought
occurs when the SPI value is continuously negative.
Drought classification, based on SPI values as per McKee et
al. (1993), includes four categories: mild drought (0 to
—0.99), moderate drought (-1.00 to —1.49), severe drought
(-1.50 to —1.99), and extreme drought (<—2.00).

The SPI at various accumulation periods can be used as
an indicator for various impacts. For example, the SPI com-
puted for shorter accumulation periods of 1 to 3 months can
be used to indicate immediate impacts such as reduced soil
moisture, snowpack, and flow in smaller creeks (European
Commission, 2020). SPI values were computed for each sub-
basin within the Umatilla River Basin based on the monthly
precipitation values for the timescale of three months to ana-
lyze the short-term drought characteristics. The 3-month
SPI compares the precipitation over a specific 3-month
period with the precipitation totals for the same 3-month
period of all the years. i.e., the 3-month SPI at the end of
February compares the December-January-February precipi-
tation total for a particular year with the December-February
precipitation totals of all the years (Indiana Department of
Natural Resources, 2022). As such, it reflects short-term
trends in precipitation and moisture conditions.

In addition, SPI values were computed for the
timescales of 1 through 20 months for the correlation analysis
between drought indices.

2.4.2. Standardized  Precipitation
Index (SPEI)

The SPEI, as proposed by Vicente-Serrano et al. (2010),
is computed using both the precipitation and temperature
time series and involves the climatic water balance. The pre-
cipitation and temperature time series for different scenarios
were used as input to the SWAT model, and the potential
evapotranspiration (PET) was extracted from the SWAT
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runs. Then, the deficit (D) of precipitation (P) and potential
evapotranspiration was computed using Eq. (1)

D; = P;—PET;. (1)

The monthly time series of deficit (D) for a month (i) is
used to calculate the SPEI values using the same procedure
as for the SPI. The normalized SPEI also has the same
drought category classification as the SPI. SPEI values were
also computed for each sub-basin for the 3-month timescale.
Similar to the SPI, SPEI values were also computed for the
timescales of 1 through 20 months for the correlation analy-
sis.

2.4.3. Standardized  Streamflow Index (SSI) and

Standardized Soil-moisture Index (SSMI)

The Standardized Streamflow Index (SSI) (Modarres,
2007) and Standardized Soil-Moisture Index (SSMI) (Xu et
al., 2018) are computed similarly to the SPI using the runoff
and soil moisture time series in place of precipitation time
series. They are calculated using the same gamma distribution
and follow the same SPI drought category classification.
Both the SSI and SSMI were also calculated for the 3-
month timescale, similar to the SPI and SPEI, to study short-
term drought characteristics.

2.5. Drought characteristics

Drought occurs when the value of drought indices (SPI,
SPEI, SSI, SSMI) is negative. Drought characteristics are
defined using run theory (Yevjevich, 1967) A drought event
is defined as consecutive instances of drought, i.e., a set of
consecutive months that have a negative value of the
drought index (Fig. 2). Drought duration is calculated as the
number of consecutive months that have a negative value
for the drought index. Drought severity is calculated as the
sum of the absolute values of the drought index for consecu-
tive drought instances during an event (Kwak et al., 2016).

Droughts in the URB are characterized with the help of
the following five parameters:

i) Drought frequency: Total number of drought occur-
rences within the study period normalized by the number of
years in the study

Based on the figure and run theory, drought

characteristics can be computed as given below:

X, ;: drought index at time ¢
D; : drought dutation
S; : drought severity

L 4
~~

Drought Frequency = 3 (No. of drought occurrences)
Average Drought Duration = (D; + D, + D3) /3

Average Drought Severity =(S; +S,+53)/3
Maximum Drought Duration = Max (D, D,, D;) =D,
Maximum Drought Severity = Max (S}, 85, S3) =S,

Fig. 2. Drought severity, duration, and frequency (modified from Kwak et al., 2016).
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ii) Average Drought Duration: Average value of all the
drought durations (D1, D2, D3) in months

iii) Average Drought Severity: Average value of all the
drought severities (S1, S2, S3)

iv) Maximum Drought Duration: Maximum value of
the drought durations (D1, D2, D3) in months

v) Maximum Drought Severity: Maximum value of the
drought severities (S1, S2, S3)

These drought characteristics have been computed for
both the baseline and future periods under the RCP 4.5 and
RCP 8.5 scenarios for all the drought indices. Drought charac-
teristics have been computed for three time periods: Historical
(1981-2005), Mid-Century (2030-2059), and Late-Century
(2070-2099). To understand the effects of short-term (sea-
sonal) anomalies of precipitation, evapotranspiration, stream-
flow and soil moisture on drought, drought characteristics
are computed using drought indices with a timescale of
three months, i.e., SPI-3, SPEI-3, SSI-3, and SSMI-3. An
advantage of using the 3-month indices over a 1-month
index is that it can reveal long-term deficits even during a
wet month and inform whether a longer-term drought is still
underway. Furthermore, studies have also found that meteoro-
logical drought indices with a 3-month timescale correlate
well with agricultural drought (Sun et al., 2017, 2022).

2.6. Drought propagation

Drought propagation is defined as the change of the
drought signal as it moves from anomalous meteorological
conditions (precipitation deficit, increased evapotranspira-
tion) to hydrological and agricultural droughts through the ter-
restrial parts of the hydrological cycle such as soil system, sur-
face water, and groundwater bodies (van Loon, 2013; van
Loon et al., 2015; Zhang et al., 2022). To characterize the
propagation of drought from meteorological to hydrological
and agricultural droughts in the URB, correlation analysis
between the drought indicators has been used during the his-
torical and projected climate scenarios. The purpose of the
correlation analysis is to identify the drought propagation
time. This response time represents the time for accumulated
deficit in meteorological drought to correspond to the hydro-
logical and agricultural droughts (Zhang et al., 2022). The
Standardized Precipitation Index (SPI) and Standardized
Runoff Index (SRI) are frequently used indices for under-
standing the propagation of meteorological drought to hydro-
logical drought (Xu et al., 2019; Jehanzaib et al., 2020).

The drought propagation time (Tp) is identified using
the maximum correlation between the drought indices (the
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SPI and SSI for hydrological drought, SPI and SSMI for agri-
cultural drought). The drought propagation time is based on
the SPI scale (1-20 months). In this analysis, the Pearson cor-
relation between the 3-month SSI and 3-month SSMI is com-
puted with SPI of various scales (1-20 months). Then, the
SPI scale at which the maximum correlation occurs is identi-
fied and represents the drought propagation time, as shown
in Egs. (2-4):

Tp = argmax (f;1) s (2)

For SSI, f,, = corr(SPL,,SSI5); 1 <n <20, 3)

For SSML, f, = corr(SPL,,SSMI;); 1 <n<20.  (4)

3. Results and discussion

3.1. Long-term characteristics and trends in climate data

Long-term average monthly precipitation and tempera-
ture were estimated from the PRISM and downscaled GCM
models data using the daily precipitation and temperature.
Average annual precipitation and temperature calculated
across the basin for different time periods are given in Table 1.
Results from the analysis show a decline in the average pro-
jected precipitation over the basin and an increase in mini-
mum and maximum temperatures during both the mid-cen-
tury (2030-2059) and late-century (2070-2099) under both
RCP 4.5 and RCP 8.5 conditions (Fig. S1 in the ESM).

Trend analysis of the climate data was done for all time
periods (historical, mid-century, and late-century; RCP 4.5
and 8.5 scenarios) separately with the help of the Mann-
Kendall trend test (Hussain and Mahmud, 2019) using a 5%
significancelevel. Statistically significantincreasing tempera-
ture trends (both minimum and maximum) and no significant
trend in precipitation were observed in the basin during all
the scenarios (Table S3 in the ESM). Similarly, trend analysis
was carried out at the zonal level. No trend in precipitation
was found in any zone for all the scenarios. In contrast, the
temperature (both minimum and maximum) showed an
increasing trend in the basin for all the scenarios. The long-
term observations and trends in this study agree with the pre-
vious climate change studies for this region, where an increas-
ing temperature trend and no significant precipitation trend

Table 1. Long-term precipitation (pcp), minimum (tmin) and maximum (tmax) temperature values in the URB.

Time Scenario pcp (mm) tmin (°C) tmax (°C)
Historical PRISM 936 0.64 10.99
(1981-2005) Models 900 -1.52 12.08
Mid-century RCP 4.5 817 1.47 12.80
(2030-2059) RCP 8.5 809 1.90 13.23
Late-century RCP 4.5 819 2.15 13.57
(2070-2099) RCP 8.5 851 4.22 15.71
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Fig. 3. Drought frequencies (number of drought events per year) for different climate scenarios and time periods in the URB; Mid
Century and Late Century maps indicate the percentage change in projected drought frequency compared to the historical drought

frequency.

have been reported (Dalton and Fleishman, 2021).

3.2. SWAT model results

The SWAT model of the URB was calibrated for stream-
flow, reservoir storage, and crop yield. The URB SWAT
model performed well in simulating and predicting stream-
flow. Calibration of the SWAT model was done for the
years 1999 to 2008, and the Nash-Sutcliffe efficiency for
the calibration varied from 0.47 to 0.98. Validation of the
model was done for the years 2009 to 2019, with Nash-Sut-
cliffe efficiency values ranging between 0.42 to 0.99. The per-
centage bias for the calibration and validation obtained is
within 30 percent.

SWAT outputs, namely, streamflow, soil moisture, and
potential evapotranspiration, were obtained for each sub-
basin, and their average annual values were computed for
the four zones (Table S4 in ESM). The trend analysis was per-
formed on the model ensemble average values for the zones
using the Mann-Kendall trend test at a 5% significance level
(p<0.05). Streamflow showed an increasing trend for zones
2 and 3 during the late-century for the RCP 4.5 scenario and
no trend for the remaining scenarios. The ensemble average
of the annual potential evapotranspiration showed an increas-
ing trend in all four zones during all the scenarios except for
RCP 4.5 late-century where it had no trend. The increasing
trend in potential evapotranspiration is likely due to the
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increasing temperatures in the basin. Both minimum and max-
imum temperatures have significantincreasing trends through-
out the basin during projected future conditions.

Similarly, the soil moisture exhibited a decreasing trend
for Zones 1, 2, and 3 during two time periods: historical and
RCP 8.5 late-century. It also showed decreasing trend for
Zone 1 during RCP 4.5 and RCP 8.5 mid-century. Zone 4
had an increasing trend for soil moisture during the RCP 4.5
late century. The decreasing trend in soil moisture in most
of the URB can be attributed to the increasing temperature
and no significant trend in precipitation. As a result, there is
more evaporative demand but no significant change in precipi-
tation, vv the soil is under stress, which increases the need
for irrigated agriculture in the region.

3.3. Drought characteristics for historical and projected
climate scenarios

Historical and projected drought characteristics for the
meteorological, hydrological, and agricultural drought in
the URB were calculated for each sub-basin. The drought
characteristics include drought frequency (average), drought
duration (average and maximum), and drought severity (aver-
age and maximum). The computed results include the ensem-

(a) SPI
17 T T | | 4
| * I I |
I X x| I I
I I
g 16 : : [ [ 2 %
I I I I 5
g | | [ [ =
=15 | I I I 0§
E, I I I I g
| | ©
2 I I I I o
a 14 | | [ [ 28
I I I |
I I I I
I I I I
1.3 i i i I 4
N2 7324 21 22 Z3 74 721 72 2374 71 72 Z3 74 71 Z2 23 74
Historical Rcp4.540s Rep4.580s Rep8.540s RepB.580s
Timeframe
(c) SSl
16 | | T T 20
I I I I
I3 I : :
§- 1.2 : : | 1 15 %
g I I | | 5
I I | | 5
g I i i i S
= 08 | | | | o 108
E I I I 1 8
g I I [ I ]
e I I | I o
8 o4 | | [ [ 5 8
I I I I
I I | 1
I I I |
0.0 il I 1 1 0

ND2DBBNDRIBANDRIZZAIN 2237471 22723 74

Historical Rcp4.540s Rcp4.580s Rop8540s Rep8.580s

Timeframe

VOLUME 41

ble average value of the drought characteristic from 10 mod-
els. Drought characteristics in the URB computed at the sub-
basin level were aggregated to a zonal level consisting of
four zones. Figure S3 in the ESM summarizes the projected
short-term drought characteristics (frequency, duration, and
severity) for the mid-century and late-century periods for
RCP 4.5 and 8.5 scenarios in the URB. Short-term meteoro-
logical drought characteristics based on the SPI and SPEI dis-
play opposite behavior in most zones and projected scenar-
ios. This behavior of the SPI and SPEI was also observed in
a previous study from the Willamette River Basin in Oregon
(Ahmadalipour etal., 2017a). The next section presents a sum-
mary of the results and insights obtained from our analysis.

3.3.1.

Figure 3 shows the drought frequencies for different cli-
mate scenarios and time periods in the URB. Historically
observed average meteorological drought frequencies in the
basin for the SPI and SPEI are 1.52 and 1.28 droughts per
year, respectively. SPI-based drought frequency in the
future scenarios is projected to increase by up to 3%, with a
decrease during some scenarios for Zones 1, 2, and 4. SPEI-
based meteorological drought frequency is projected in

Drought frequency
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Fig. 4. Summary of average drought frequencies (number of drought events per year) expressed as bars plots (mean)with error bars
(std.dev.) for different scenarios in the URB. The secondary y-axis represents the percentage change relative to the historical time
period. The changes represented by an asterisk symbol were found to be statistically significant at the 5% significance level, whereas
the changes represented by a diamond symbol were not statistically significant
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future scenarios to increase by 14%—21% over the historical
period, with the greatest increase in the southern sub-basins
in Zones 1 and 2. These sub-basins have higher precipitation
deficits caused by higher potential evapotranspiration and rela-
tively unchanged precipitation during the late-century RCP
4.5 period compared to neighboring sub-basins, resulting in
more SPEI-based droughts. Sub-basins in Zones 3 and 4
have more frequent SPEI-based meteorological drought
whereas the sub-basins in the eastern and southeastern parts
(with proximity to blue mountains) have somewhat less fre-
quent meteorological droughts during the historical period.
Overall, the URB shows a higher drought frequency for
meteorological drought (average: 1.5 yr!) in the historical
SPI

Time SPEI

Historical (1981 —
2005)
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period than hydrological (average: 0.9 yr!) or agricultural
drought (average: 0.60 yr~!). Figure 4 shows changes in
drought frequencies between the various scenarios for all
the zones in the URB. Zone 2 has a much lower hydrological
drought frequency (0.56 yr-!) in the historical period than
other zones. The projected hydrological drought frequency
increased by an average of 11% in the projected scenarios,
whereas the agricultural drought frequency increased by an
average of 28% in the projected scenarios over the historical
scenario.

3.3.2. Average drought duration

Figure 5 shows the average drought duration of short-

Ssl SSMI

Mid Century (2030 — 2059)

Late Century (2070 — 2099)

10 5 0 5 5 0 5

| ]
10 -20 0 20 40 60 -20 0 20 40

Fig. 5. Average drought durations (months per drought) for different climate scenarios and time periods in the URB; Mid Century
and Late Century maps indicate the percentage change in projected average drought duration compared to the historical average

drought duration.
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term droughts for different scenarios and time periods in the
URB. The average drought duration based on short-term (sea-
sonal) anomalies for meteorological drought is shorter (aver-
age: 4 months) compared to hydrological (average: 7
months) and agricultural drought (average: 9 months) for
the historical period. This means that anomalous seasonal (3-
month) precipitation, evapotranspiration, soil moisture, etc.,
can have a lasting impact (from 4 to 9 months) on the
drought conditions in the historical period. Short-term hydro-
logical droughts during the historical period in the eastern
sub-basins of Zone 2 have a longer duration of 12-20
months, which is much higher compared to sub-basins in
other zones. Tributaries and streams of the Umatilla River
in Zone 2 are characterized by low flow and are hydrologi-
cally isolated from other streams and zones. Thus, any
anomaly in the streamflow lasts longer in this part of the
URB than in Zones 3 and 4, which are more hydrologically
connected.

Historically, the average short-term meteorological
drought duration observed in the basin for the SPI and SPEI
is 3.98 and 4.04 months per drought, respectively. The aver-
age duration for short-term SPI-based meteorological
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droughts is projected to increase by up to 7% in future scenar-
i0s, with more sub-basins in the southern half of the basin
(Zones 1 and 2) seeing an uptick in drought durations. North-
ern sub-basins in Zone 3 are projected to experience a
decrease in their average drought duration by an average of
5% in RCP 4.5 scenarios compared to the historical period.
The average duration of SPEI-based drought is projected to
increase in most of the future scenarios by up to 6%, compared
to the historical scenario, with the greatest increases seen in
RCP 8.5 scenarios for Zones 3 and 4.

Figure 6 shows changes in average drought durations
between the various scenarios for all the zones in the URB.
The URB shows a higher average drought duration for hydro-
logical drought in the historical period for Zone 2 (11.4
months per drought) compared to other zones. Average hydro-
logical drought duration has increased in future scenarios
compared to the historical period by an average of 8§%. Pro-
jected average drought durations in future scenarios
increase by more than 10%, on average, in Zones 3 and 4,
whereas Zones 1 and 2 show lower increases. Average agri-
cultural drought duration has decreased in future scenarios
by an average of 4%. Zones 3 and 4 have much high average
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Fig. 6. Summary of average drought durations (months per drought) expressed as bars plots (mean)with error bars (std. dev.) for
different scenarios in the URB. The secondary y-axis represents the percentage change relative to the historical time period. The
changes represented by an asterisk symbol were found to be statistically significant at a 5% significance level, whereas the changes
represented by a diamond symbol were not statistically significant.
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agricultural drought durations (10 and 13 months per
drought, respectively) in the historical period compared to
other zones.

3.3.3. Average drought severity

Figure 7 presents the average drought severity in the
URB for different scenarios. The average historical drought
severity for meteorological drought (average severity of 3.2)
is lower than the hydrological (average severity of 5.3) and
agricultural drought (average severity of 7.6). The average
meteorological drought severity based on the SPI is projected
to decrease by up to 4% in future scenarios. In contrast, the
drought severity based on the SPEI is projected to increase

SPEI

Time

Historical (1981 —
2005)
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in most sub-basins for future scenarios by up to 6%. It is evi-
dent that SPI-based short-term meteorological drought sever-
ity is projected to increase in the southern sub-basins in
Zone 1 and northern sub-basins in Zone 3 (near the outlet of
the Umatilla River) by up to 5% in future scenarios. SPEI-
based average drought severity is projected to increase by
up to 10% in most sub-basins throughout the URB during
the late-century RCP 8.5 scenario.

Similarly, the average severity of projected hydrological
droughts has increased by an average of 12%. In contrast,
the average severity of the agricultural drought has
decreased by up to 12% in future scenarios compared to the
historical period, with Zone 4 having the most reduction in
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Fig. 7. Average drought severities (severity per drought) for different climate scenarios and time periods in the URB; Mid Century
and Late Century maps represent the percentage change in projected average drought severity compared to the historical average

drought severity.
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Fig. 8. Summary of average drought severities (severity per drought) expressed as bars plots (mean)with error bars (std. dev.) for
different scenarios in the URB. The secondary y-axis represents the percentage change relative to the historical time period. The
changes, represented by an asterisk symbol, were found to be statistically significant at a 5% significance level, whereas the changes
represented by a diamond symbol were not statistically significant.

average severity. Figure 8 shows changes in average
drought severity between various scenarios for all zones in
the URB.

3.3.4. Maximum drought duration and maximum drought
severity

The maximum drought duration in the URB exhibited
similar behavior to average drought duration (Fig. S4 in the
ESM), and the maximum drought severity also showed simi-
lar behavior to the average drought severity in the basin for
historical and future scenarios (Fig. S5 in the ESM).

3.4. Drought propagation

Figure 9 shows the propagation time from meteorological
drought to hydrological and agricultural droughts in the
URB. For most sub-basins in Zones 1 and 3, the maximum
correlation between the SPI and SSI occurs at the SPI scale
of 4-6 months, indicating a drought propagation time of
4-6 months between the precipitation and streamflow
drought. There is a higher propagation time in Zones 2 and
4. The propagation time for the future scenarios increased
by 1 month in Zone 2 and decreased by 1 month in Zone 1.
Similarly, the drought propagation from SPI to SSMI occurs

at the SPI scale of 6-8 months for most of the sub-basins in
Zones 1 and 2.

Drought propagation in a basin can be affected by the
prior condition of climate, basin characteristics, and human
influences (Zhang et al., 2022). Climatic factors may
include weather patterns and seasonality, whereas catchment
characteristics may include the elevation, slope, land use/
land cover, type of aquifer, and hydraulic conductivity of
the soil. Human influences affecting drought propagation
may include water diversion, groundwater abstraction, and
irrigation practices. The strong linkage between meteorologi-
cal drought and hydrological drought can be seen in Zones
3 and 4, as evidenced by smaller propagation times for the
hydrological drought. This can be explained by the
increased evapotranspiration and low precipitation in
regions dominated by agricultural practices. The smaller
response time in Zone 1 from meteorological drought to
hydrological drought can be attributed to the higher slope
(up to 56.5%) compared to other parts of the basin (Fig. 1c¢).

Table S6 in the ESM summarizes the average drought
propagation time for all the time periods and RCP scenarios
for different zones in the URB. The propagation time of mete-
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Fig. 9. Drought propagation time from meteorological (SPI) to hydrological (SSI) and

agricultural (SSMI) droughts.

orological drought to hydrological drought ranges from 4 to
9 months during the historical period and increases up to 10
months in the projected future scenarios. Similarly, the propa-
gation time for meteorological drought to agricultural
drought decreases from 5—14 months in the historical period
to 4—-13 months in the projected scenarios.

The lag time between meteorological drought and hydro-

logical drought for future scenarios in Zone 2 increases to
10 months from 9 months during the historical period.
Other zones show no change or decrease in lag time (lead)
for future scenarios. This behavior in Zone 2 reflects how
physical factors such as soil and initial moisture conditions
may affect runoff generation, aside from precipitation. Zone
2 is dominated by soils of hydrologic groups C (clay loam
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and shallow sandy loam) and D (heavy plastic clays), which
have slow infiltration rates and runoff is more sensitive to pre-
cipitation (Fig. 1d). The increase in the lag time in Zone 2
reflects that hydrological drought is strongly connected with
meteorological drought.

The lag time between meteorological drought and agricul-
tural drought for future scenarios in all the zones has
decreased compared to the historical period in a few cases.
The decrease in this drought propagation time can be
attributed to the effect of high temperatures in future scenar-
ios. Higher temperatures can lead to increased surface evapo-
transpiration and could decrease surface soil moisture, thus
making drought propagation faster in the projected future sce-
narios (Ho et al., 2021). This decrease in drought propagation
time between meteorological and agricultural drought
means that a smaller decrease in the precipitation might be
enough to result in the loss of a larger amount of soil moisture
and affect agricultural productivity. As a result, a larger area
of agricultural lands in the basin will likely become even
more irrigation dependent for agricultural production in
future scenarios putting stress on the basin’s water supply
and physical infrastructure.

4. Conclusion

This study aimed to characterize the three types of physi-
cal droughts: meteorological drought, agricultural drought,
and hydrological drought in the Umatilla River Basin in north-
eastern Oregon and to investigate the drought propagation
for the historical and future projected scenarios. Drought char-
acteristics in the future were determined using downscaled
CMIP5 climate datasets from 10 GCMs. The SWAT model
of the basin was calibrated for streamflow, reservoir storage,
and crop yield using PRISM climate data, and both historical
and future scenarios were simulated by forcing the respective
future climate data to the SWAT model. Drought characteris-
tics (frequency, duration, and severity) were analyzed using
multiple drought indices: SPI, SPEI, SSI, and SSMI. The
propagation of meteorological drought to agricultural and
hydrological droughts in the basin was also studied by per-
forming a correlation analysis between drought indicators to
identify the drought propagation times.

Our results indicate that changes in short-term drought
frequency, duration, and severity are expected in the future
in the basin. Short-term meteorological droughts are projected
to become more prevalent in the basin, but the SPI and
SPEI indicate differing results. Short-term hydrological
drought is projected to become more frequent and more
severe throughout the basin. Short-term agricultural drought
is projected to be more frequent but less severe in future pro-
jected conditions. For short-term droughts, the propagation
time from meteorological to hydrological drought is found
to be less than the propagation time from meteorological to
agricultural drought in most sub-basins.

The analysis conducted in this study is a step towards
understanding the drought characteristics in the URB at
present and in the future. In addition to the changing climate,
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factors such as basin slope and hydraulic conductivity that
could change due to land use and land cover changes might
influence the drought propagation time in the basin in the
future, which needs to be incorporated in upcoming studies.
Long-term drought-related studies are also required for this
region so that we can fully understand the effects of drought
on various water-dependent sectors in the region. Future stud-
ies should specifically explore how the changing nature of
drought characteristics might stress the food-energy-water
systems in the basin by increasing the need for agricultural
irrigation.
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