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ABSTRACT

The spring dry season occurring in an arid region of the southwestern United States, which receives both

winter storm track and summer monsoon precipitation, is investigated. Bimodal precipitation and vege-

tation growth provide an opportunity to assess multiple climate mechanisms and their impact on hydro-

climate and ecosystems. We detect multiple shifts from wet to drier conditions in the observational record

and land surface model output. Focusing on the recent dry period, a shift in the late 1990s resulted in earlier

and greater spring soil moisture draw down, and later and reduced spring vegetation green-up, compared

to a prior wet period (1979–97). A simple soil moisture balance model shows this shift is driven by changes

in winter precipitation. The recent post-1999 dry period and an earlier one from 1948 to 1966 are both

related to the cool tropics phase of Pacific decadal variability, which influences winter precipitation. In

agreement with other studies for the southwestern United States, we find the recent drought cannot be

explained in terms of precipitation alone, but also is due to the rising influence of temperature, thus

highlighting the sensitivity of this region to warming temperatures. Future changes in the spring dry season

will therefore be affected by how tropical decadal variability evolves, and also by emerging trends due to

human-driven warming.

1. Introduction

There is a region of the interior southwestern United

States (SWUS) that has two seasons of precipitation: one

from the winter storm track and one from the North

American summer monsoon (NAM). Subsequently, this

region undergoes two periods of vegetation green-up in

the early spring and summer (Adams and Comrie 1997;

Guirguis and Avissar 2008), with a dry season occurring

throughout the intervening springmonths when ecosystem

productivity declines. This area is also influenced bymodes

of climate variability associated with Pacific sea surface

temperature (SST) on interannual to interdecadal time

scales. Furthermore, the SWUS has undergone warming

during the twentieth-century (Hoerling et al. 2013), and

the most recent twenty-first century drought in the SWUS

has already contributed to vegetation die-off (Breshears

et al. 2005). As yet, no studies have explicitly investigated

how the intervening spring dry season responds to both

natural climate variability and warming in this region of

two-peak greening. Given the close coupling between cli-

mate and vegetation, and the overall sensitivity of the
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SWUS to future anthropogenic climate change, this study

aims to investigate past and present dynamics of the

unique ecohydrology of this region.

On a year-to-year basis, the mechanisms producing

bimodal vegetation green-up in the region have been

studied using observations and models, and are as fol-

lows.Winter precipitation and snowmelt add water to the

soils, which is then gradually drawn down by vegetation

growth and rising spring temperatures, leading to en-

hanced ET (Kurc and Small 2007; Vivoni et al. 2008).

Vegetation greening reaches its spring peak, and then

declines with soil moisture over the course of the spring

dry season, until the arrival of the NAM, which creates a

new pulse in soil moisture and vegetation growth. Prior

studies using both observations and land surface model-

ing for the SWUS, have identified the storage of water in

soils from winter to spring as being critical to the bimodal

seasonal cycle of vegetation green-up, while the summer

green-up is concurrent with theNAM (Notaro et al. 2010;

Muldavin et al. 2008). Summer vegetation greening and

soil moisture are closely related to the magnitude of

NAM, and produce important feedbacks with the atmo-

sphere via enhanced ET (Matsui et al. 2005; Notaro and

Gutzler 2012). In either case, water availability exerts the

dominant control on ecosystemproductivity in the SWUS

(Huxman et al. 2004; Scott et al. 2009; Vivoni et al. 2008;

Watts et al. 2007). Climate controls on precipitation can

therefore influence the timing and intensity of spring and

summer greenings, and the intervening spring drying.

The controls on moisture inputs in the region are also

well known: a smaller peak in precipitation occurs during

the winter in the form of both rain and snow and is largely

influenced by the Pacific storm track. The NAM is the

dominant source of moisture in the region, delivering a

large amount of precipitation as rain during the summer

months (Adams and Comrie 1997), which marks the end

of the spring dry period. In addition to internal atmo-

sphere variability, year-to-year variations in winter pre-

cipitation are modulated by tropical Pacific SSTs. These

teleconnections are well documented, with El Niño–
Southern Oscillation (ENSO) being the dominant

driver interannually (Ropelewski and Halpert 1986,

1989), and the Pacific decadal oscillation (PDO) operat-

ing on interdecadal time scales (McCabe et al. 2004). The

tropical North Atlantic Ocean also plays a likely role,

with cold years favoring above normal precipitation in the

SWUS (Enfield et al. 2001). The NAM also varies inter-

annually and has been found to be weakly influenced by

phases of ENSO (Higgins et al. 1999; Castro et al. 2001),

the Madden–Julian oscillation (MJO) (Higgins and Shi

2001), and soil moisture (Small 2001).

The region is highly sensitive to anthropogenically

induced warming. Twentieth-century observations have

indicated an earlier onset of spring in the SWUS, as

defined by the timing of blooming and snowmelt, which

is primarily attributed to increased spring temperatures

(Cayan et al. 2001; Ault 2015). Observations have also

suggested a shortening of the NAM in the past four

decades due to an earlier retreat of summer pre-

cipitation (Arias et al. 2015). The magnitude, timing and

melt of the snowpack from winter precipitation in-

fluences the storage of water in soils, and observational

studies of Snowpack Telemetry (SNOTEL) sites have

indicated a trend toward reduced snowpack in the

westernUnited States and earlier melt (Mote et al. 2005;

Fritze et al. 2011; Mote et al. 2018). Impacts on the

SWUS include an earlier dry season, an earlier spring

vegetation green-up as well as earlier spring streamflow

(Fritze et al. 2011; Hand et al. 2016). An earlier spring

dry season also leads to a longer wildfire season

(Westerling et al. 2006; Williams et al. 2014) and can

enhance dust emissions (Hand et al. 2016).

Modeling studies have projected increased drying in

the SWUS due to future reductions in precipitation and

increases in potential ET (PET) (Seager et al. 2007;

Cook et al. 2015; Seager et al. 2013a), and this drying is

particularly robust during the spring (Gao et al. 2014).

Analysis of the phase 5 of the Coupled Model In-

tercomparison Project (CMIP5) ensemble attributed

projected spring drying in the SWUS to decreased mean

moisture convergence associated with enhanced dry

zonal advection (Ting et al. 2018). Other modeling

studies have indicated a delayed onset of the NAM, and

declines in early season NAM precipitation (Cook and

Seager 2013), or overall weakening of the NAM under

enhanced greenhouse gas forcing (Pascale et al. 2017). It

follows that implications for the dry season would

include a longer and more intense spring drying, with

resulting ramifications on ecosystems in this sensitive

SWUS region. In addition to natural climate variability,

assessing the role of warming temperatures on the eco-

hydrology of the bimodal region is critical in light of

these projected changes.

The role of climate variability on ecosystem pro-

ductivity has been studied in this region (Kurc and Small

2007; Vivoni et al. 2008; Notaro et al. 2010), as well as

the effect of warming temperatures (Breshears et al.

2005). In addition, as referenced above, there has been

considerable research on the climate variability and

change of the winter and summer wet seasons. However,

variability and change of climate, hydrology, and ecol-

ogy of the intervening spring drying has not been ex-

plicitly investigated. Given the complex interaction

between multiple variables (precipitation, snowmelt,

ET, runoff, soil moisture, and vegetation), different

moisture inputs (winter storms and NAM), modes of
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climate variability (ENSO, PDO), and anthropogenic

change, a comprehensive understanding of the climate

dynamics required to understand past and projected

future change in the ecohydrology of this unique area

is needed.

Specifically, in this study, after first providing a de-

scription of the climatological ecohydrology of the re-

gion based on up-to-date in situ and remotely sensed

data, we address the following:

1) How has hydroclimate changed on decadal time

scales, and how has this influenced the spring and

summer vegetation green-ups?

2) How do shifts in hydroclimate influence the magni-

tude, timing, and duration of the intervening spring

dry season?

3) Is there an influence of warming temperatures on the

ecohydrology of the region?

This study will seek to answer these questions using

in situ, remotely sensed observations and land surface

models (LSMs). Results from this study will identify the

key climate mechanisms which influence the climatol-

ogy, decadal variability and trends in spring drying in

this region, and provide a background for what to expect

under future climate change. Results will also be used to

inform what the implications of climate change and

continued anthropogenic warming are for ecosystems in

the region.

2. Data and methods

To examine the characteristics at the site level we use

in situ observations from the AmeriFlux network. For a

broader study of the dual season region over a longer

time period, we examine data from LSMs forced by

gridded meteorological data.

The in situ observations of precipitation, net ecosys-

tem productivity (NEP), latent heat flux, and soil water

content are obtained from the AmeriFlux network for

different sites in the SWUS (available online at http://

ameriflux.lbl.gov), and their location, climate, and tem-

poral availability are listed in Table 1. The AmeriFlux

network uses eddy covariance methods to make half-

hourly temporal resolution estimates of the fluxes of

ecosystem CO2, water, and energy in North America

(Baldocchi et al. 2001).

Given the limited temporal and spatial coverage of the

AmeriFlux sites, we also use output from the second phase

of the National LandData Assimilation system (NLDAS-

2) LSMs Noah, Mosaic, and VIC for soil moisture, ET,

snowmelt, snowfall, and total runoff (surface plus sub-

surface) at 1/88 resolution (Xia et al. 2012; available online

at https://ldas.gsfc.nasa.gov/nldas/; Table 2). The LSMs do

not have dynamic vegetation, and the annual cycle of the

leaf area index (LAI) is prescribed. The LSM data are

available from 1979 to present at hourly temporal resolu-

tion. Each of the three LSMs is forced with Climate Pre-

diction Center unified gauge-based precipitation data with

Parameter-Elevation Regressions on Independent Slopes

Model (PRISM) precipitation adjustments (Daly et al.

2008; http://prism.oregonstate.edu) and the other meteo-

rological forcing data come from the North American

Regional Reanalysis (Mesinger et al. 2006).

Half-hourly and hourly resolution data are averaged

into 5-day means. Where data are available to present,

we analyze through 2017 because 2018 is not yet com-

plete. We validate the NLDAS-2 LSMs used in this

study by comparing their data for the grid points and

TABLE 1. Summary of AmeriFlux in situ data.

Site name Location

Temporal

availability Vegetation Elevation (m)

U.S.-Valles Caldera Ponderosa Pine (U.S.-Vcp) 35.88, 2106.68 2007–14 Evergreen needleleaf forest 2500

U.S.-Valles Caldera Mixed Conifer (U.S.-Vcm) 35.88, 2106.58 2007–14 Evergreen needleleaf forest 3030

U.S.-Flagstaff Managed Forest (U.S.-Fmf) 35.18, 2111.78 2006–10 Evergreen needleleaf forest 2160

U.S.-Flagstaff Unmanaged Forest (U.S.-Fuf) 35.18, 2111.88 2006–10 Evergreen needleleaf forest 2180

U.S.-Flagstaff Wildfire (U.S.-Fwf) 35.48, 2111.88 2006–10 Grasslands 2270

U.S.-Sevilleta grassland (U.S.-Seg) 34.48, 2106.78 2007–14 Grasslands 1596

U.S.-Sevilleta shrubland (U.S.-Ses) 34.38, 2106.78 2007–14 Open shrublands 1604

U.S.-Willard Juniper Savannah (U.S.-Wjs) 34.48, 2105.98 2007–14 Savannah 1931

U.S.-Mountainair Pinyon-Juniper

Woodland (U.S.-Mpj)

34.48, 2106.28 2007–14 Woody savannah 2196

U.S.-Santa Rita Creosote (U.S.-SRC) 31.98, 2110.88 2008–15 Open shrublands 991

U.S.-Santa Rita Grassland (U.S.-SRG) 31.88, 2110.88 2008–15 Grasslands 1291

U.S.-Santa Rita Mesquite (U.S.-SRM) 31.88, 2110.88 2004–15 Woody savannas 1120

U.S.-Walnut Gulch Lucky Hills Shrub (U.S.-Whs) 31.78, 2110.08 2007–15 Open shrublands 1370

U.S.-Walnut Gulch Kendall Grassland (U.S.-Wkg) 31.78, 2109.98 2004–15 Grasslands 1531

U.S.-Audubon Research Ranch (U.S.-Aud) 31.68, 2110.58 2002–15 Grasslands 1469
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time period that correspond to the in situ AmeriFlux

sites within the dual season region (where both winter

and summer precipitation peaks are observed in the

mean annual cycle). In general, sufficient agreement

exists between the in situ observations and the LSM

simulations to justify use of the latter for larger scale and

longer time period analyses.

For a longer-term perspective, we use monthly esti-

mates of 0–200-cm soil moisture based on a Model Cali-

brated Drought Index (MCDI) developed by Williams

et al. (2017). These estimates cover 1895–2018 and are

based on a bucket-type moisture-balance model that was

tuned by Williams et al. (2017) to have the temporal

persistence properties of 0–200-cmmonthly soil moisture

simulated by the Noah LSM. The MCDI calculations

are forced by monthly precipitation and PET. Monthly

precipitation and temperature are from the National

Oceanic and Atmospheric Administration CLIMGRID

dataset (Vose et al. 2014; available online at https://

www.ngdc.noaa.gov/). The PET calculation also uses

vapor pressure from PRISM gridded monthly mean

dewpoint data (Daly et al. 2008), and wind and solar ra-

diation data from NLDAS-2 and the version 2 Princeton

Global Forcing Dataset (Sheffield et al. 2006; http://

hydrology.princeton.edu/data/pgf/v2/0.5deg/). The soil

moisture estimates based on the MCDI (hereafter SM-

MCDI) agree very well with the NLDAS-2 soil moisture

in the SWUS and permit us to examine historical soil

moisture extending prior to the 1979 start date of

NLDAS-2. Also the MCDI is forced by observational

climate datasets that are more accurate than reanalysis

data used to force the NLDAS-2 LSMs.

To measure vegetation green-up, we use the Global

Inventory Modeling and Mapping (GIMMS) satellite

normalized difference vegetation index (NDVI), which

is available twice monthly from 1981 to 2015 at 1/128
resolution (Tucker et al. 2004). We also use SST and

200-mb (1mb 5 1 hPa) geopotential height from the

NCEP–NCAR Reanalysis at monthly time resolution

and 2.58 spatial resolution (available online at https://

www.esrl.noaa.gov/; Kalnay et al. 1996). We also use

gauged monthly streamflow discharge from the U.S.

Geological Survey (USGS) for four different sites within

the study region (gauge numbers 09512500, 09402000,

09504500, and 09510000; available online at https://

waterdata.usgs.gov/). These particular gauges are se-

lected based on length and availability of the streamflow

record.

3. Results

a. Characterization of precipitation regime in
the SWUS

First, we identify the region of the SWUS where the

average seasonal cycle of PRISM precipitation had one or

more peaks during 1979–2017 (Fig. 1). To identify the re-

gionwith twopeaks, we divide the seasonal cycle into three

seasons: fall–winter [October–March (ONDJFM)], spring

[April–June (AMJ)], and summer [July–August (JAS)].

Since we are primarily interested in the region with a

winter and summer peak, a grid point is said to have two

peaks if the mean fall–winter precipitation is greater than

the spring precipitation and the summer precipitation is

also greater than the spring precipitation. We also check

this against maps of precipitation seasonality for North

America (online at http://www.cpc.ncep.noaa.gov/).

This two-peak region covers most of Arizona and

western New Mexico and extends south into Mexico.

Next, a box spanning the northern portion of this bi-

modal region (red outline shown on Fig. 1) that en-

compasses the available AmeriFlux monitoring stations

is chosen to represent this region later in the study.

b. Observations: The seasonal cycles of precipitation,
ET, soil moisture, and vegetation

First, we examine available observations from in situ

and remotely sensed data for the two-peak region to

investigate the characteristics of precipitation, ET, soil

moisture, and vegetation. We also examine how the bi-

modality varies in terms of location within the study

region.

We analyze in situ observations from the AmeriFlux

network for 15 different monitoring sites from the

SWUS that are located in or near the bimodal region

TABLE 2. Summary of other datasets.

Dataset Temporal Availability Resolution Variable

NLDAS-2 Noah,

Mosaic, VIC

1979–2018 1/88, hourly Precipitation, soil moisture, snowmelt

evapotranspiration, total runoff

SM-MCDI 1895–2018 1/88, monthly Soil moisture 0–200 cm

CLIMGRID 1895–2018 1/248, monthly Precipitation, temperature

GIMMS 1981–2015 1/128, half-monthly NDVI

NCEP–NCAR Reanalysis 1948–2018 2.58, monthly SST, 200-mb geopotential height

USGS gauged streamflow 1979–2018 Monthly Streamflow (09512500, 09402000, 09504500, 09510000)
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identified in Fig. 1 (descriptions in Table 1, location

shown in Fig. 1). The seasonal cycles of precipitation for

each of the 15 sites are shown in Figs. 2a–e and compared

with the NLDAS-2 precipitation forcing for the same

location and temporal availability (we save a quantitative

evaluation between the AmeriFlux and NLDAS-2 sim-

ulations for section 3c below). Each of the 15 sites re-

ceives precipitation in thewintermonths, but the seasonal

cycle is dominated by the NAM with maximum pre-

cipitation occurring during the summer. Each site also

has a dry seasonoccurring during the late spring–summer.

The seasonal cycle of AmeriFlux ET (Figs. 2f–j) also

shows bimodality: a smaller peak in ET during the early

spring (March–April), declines to May–June, then in-

creases to a second and greater peak during the summer.

Intersite differences exist in the precipitation and ET

among the various AmeriFlux stations. The southern

sites (SRC, SRG, SRM, Whs, Wkg, Aud) show a more

dominant ET peak during the summer compared to the

more northern sites. The highest precipitation during

the main NAM season occurs at the Flagstaff, Arizona,

sites (Fmf, Fwf, Fuf), presumably because of their higher

elevation (2160–2270m). The next-greatest NAM pre-

cipitation peak occurs at the southern sites (Whs, Wkg,

Aud) near Tucson, Arizona, closer to the core of the

monsoon.

We also examine the seasonal cycle of soil water

content (which measures soil water from the top

;10 cm) from the availableAmeriFlux sites (Figs. 3d–f).

Observations of soil water content indicate two peaks in

soil moisture: for the northern sites [Fmf, Fwf, Fuf

(Figs. 3a,d)], the largest peak occurs during the late

winter to spring (February–March), after which soil

moisture declines to a minimum in AMJ, before in-

creasing to a second and smaller peak in the summer

monsoon season (JAS). The more southern sites [SRC,

SRG, SRM (Figs. 3b,e) andWhs, Wkg, Aud (Figs. 3c,f)]

have a peak in winter soil moisture earlier in the year

(December–March). The southern sites also have peak

in summer soil moisture that is greater in magnitude

than the winter peak and occurs in JAS.

Next we examine the seasonal cycle of vegetation in the

bimodal region using observations of NEP from the

AmeriFlux network (Figs. 4k–o) and GIMMS NDVI

(Figs. 4f–j). NEP is defined as the difference between

gross primary production and total ecosystem respiration.

When theNEP is positive, this indicates vegetation green-

up, when negative it indicates vegetation senescence.

NEP peaks twice annually for the different AmeriFlux

sites: once in the early spring (March–April), and again in

the summer (JAS). The dry season (indicated by vege-

tation senescence) lies in approximatelyMay–July for the

different sites. Intersite differences exist between the

AmeriFlux stations due to differences in vegetation type,

elevation, and location (details in Table 1). For example,

of the Flagstaff sites (Fig. 4l), the managed (Fmf) and

FIG. 1. Map of study area. Shading indicates season of maximum precipitation (ONDJFM,

AMJ, JAS, or bimodal). The red box indicates the region used in the study as the bimodal

precipitation region. We indicate the locations of the AmeriFlux sites (Fwf, Fuf, Fmf, Vcp,

Vcm, Seg, Ses, Mpj, Wjs) and the USGS gauges (09512500, 09402000, 09504500, 09510000).
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unmanaged (Fuf) evergreen needleleaf forests have

larger values of NEP than the other nearby grassland

wildfire site (Fwf), as has been noted in previous studies

(Dore et al. 2010; Sullivan et al. 2011). The NEP is higher

for the Flagstaff (Fig. 4l) and Valles Caldera (Fig. 4k)

sites than for the Sevilleta grass and shrubland sites

(Fig. 4m), which is expected given the vegetation type

(evergreen forest versus open shrublands). The more

southern sites [SRC, SRG, SRM (Fig. 4o) andWhs,Wkg,

Aud (Fig. 4n)] also have a much larger summer vegeta-

tion peak than spring peak consistent with the dominance

of summer precipitation (Figs. 2d,e).

The observational GIMMS NDVI is not very consis-

tent with the AmeriFlux pattern of bimodal vegetation

greening at each of the sites. For the northern sites the

GIMMS NDVI does not show the bimodal greening

seen in AmeriFlux NEP, while for the central and

southern sites bimodality is muted and the timing seen in

NEP is not reproduced.

c. Evaluation of NLDAS-2 LSMs with AmeriFlux
and GIMMS NDVI

Next, we assess how well the NLDAS-2 LSMs simu-

late the climate characteristics (ET, soil moisture, veg-

etation growth) of the region before using them to

investigate longer term trends. This is necessary due to

the localized nature and short time period of the

AmeriFlux site data.

In Figs. 2 and 5 the seasonal cycles of precipitation,

ET, soil moisture, andNEP of theAmeriFlux sites in the

bimodal region of the SWUS are compared with

NLDAS-2 LSM simulations, and, in general, there is

good agreement. The largest differences in precipitation

for the two datasets occur at the central-eastern and

southern Arizona sites where monsoon precipitation is

too high in NLDAS-2. Using Pearson’s correlation we

find the r values between the seasonal cycle of pre-

cipitation from NLDAS-2 forcing and AmeriFlux sites

varies from a low value of r5 0.37 of the northernValles

Caldera site (Vcm) to r5 0.93 at the Tucson site (Wkg).

NLDAS-2 LSMs and AmeriFlux measurements are

also in general agreement (r . 0.5) on the mean annual

cycle of ET (Table 3). The largest difference between

AmeriFlux and NLDAS-2 ET occurs at the Valles

Caldera northeastern site where NLDAS-2 ET is half

that in AmeriFlux. For the other 13 sites the magnitude

and seasonal cycle of ET agree reasonably well between

AmeriFlux and NLDAS-2. The r values for ET from the

AmeriFlux sites are greater with NLDAS-2 Noah than

with either Mosaic or VIC.

FIG. 2. Comparison of NLDAS-2 and AmeriFlux sites in the bimodal precipitation region for (a)–(e) precipitation (each LSM uses the

same precipitation forcing) and (f)–(j) ET. Output from theNLDAS-2models (Noah,Mosaic, VIC) corresponds to the grid point location

of each of the AmeriFlux sites for the corresponding time period available (Vcp, Vcm sites 2007–14; Fmf, Fwf, Fuf sites 2005–10; Seg, Ses,

Wjs, Mpj sites 2007–14; SRC, SRG, SRM sites 2008–14; and Whs, Wkg, Aud sites 2007–14). Both NLDAS-2 and AmeriFlux data are

plotted at a temporal resolution of 5-day means.
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Turning to soilmoisture (0–10cm),NLDAS-2Noah and

Mosaic (0–10cm is not reported byVIC) are characterized

by a bimodal seasonal cycle for the Flagstaff sites, but the

winter peak is earlier in the year (January–February)

compared to the AmeriFlux observations (March)

(Figs. 3a,d). Away from the Flagstaff sites, LSM soil

moisture broadly agrees with the observed soil water

content. The other more southern AmeriFlux sites have

earlierwinter soil water content peaks (January–February)

and these compare well in timing with the NLDAS-2 soil

moisture which also peaks at this time (correlation co-

efficients between the AmeriFlux sites and NLDAS-2

models are shown in Table 3). The summer maximum

occurs in June–September, and also agrees with the sim-

ulated NLDAS-2 soil moisture. The timing of the spring

dry season is comparable across the region, and occurs in

AMJ.The timing of the soilmoisture increase that ends the

spring dry season also agrees between the AmeriFlux sites

and NLDAS-2, except for the Flagstaff sites where

NLDAS-2 is one month too early. We speculate that the

earlier soil moisture peak could be due to snowmelt in this

region occurring too early in the NLDAS-2 models.

We compare observations of NEP and NDVI with

NLDAS-2 prescribedLAI (Fig. 4) and present correlation

coefficients between the models and observations (Tables

4 and 5). We find that AmeriFlux NEP correlates best

with Noah LAI (Table 4, top row). Mosaic and VIC LAI

for the most part have correlations which are not signifi-

cant at a 5 0.05. Turning to correlations with GIMMS

NDVI andNLDAS-2 LAI, we find thatMosaic agrees the

most with the satellite NDVI (Table 5). We caveat this

analysis with the fact that NEP, NDVI, and LAI are not

the same quantity and not directly comparable. However,

we find that in general NLDAS-2 LAIs (in particular

Noah and Mosaic) simulate vegetation bimodality in this

region.

Based on these results, we find that overall the Noah

model best represents the observations, and we there-

fore use it in subsequent analyses.

d. Relationship of vegetation green-up with soil
moisture

Previous studies have indicated the importance of soil

moisture to vegetation green-up (Notaro et al. 2010;

Muldavin et al. 2008; Huxman et al. 2004; Scott et al.

2009; Vivoni et al. 2008;Watts et al. 2007), and therefore

soil moisture can be considered as an indicator of eco-

system productivity. We explore this relationship using

FIG. 3. Seasonal cycle of NLDAS-2 (Noah, Mosaic) (a)–(c) 0–10-cm soil moisture compared with AmeriFlux (d)–(f) soil water content

(%; derived from upper 10 cm of soil moisture). This level is the only one available from the AmeriFlux network, which is why we use it to

compare with NLDAS-2. The NLDAS-2 soil moisture corresponds to the grid point location and available time period of the AmeriFlux

site used (Fmf, Fwf, Fuf; SRC, SRG, SRM sites; andWhs,Wkg, Aud sites). Both NLDAS-2 andAmeriFlux data are plotted at a temporal

resolution of 5-day means.

JUNE 2019 PA SCOL IN I - CAMPBELL ET AL . 1087



the AmeriFlux NEP and NLDAS-2 Noah soil moisture

within the two-peak region.

Time series of vegetation green-up and soil moisture

are shown in Fig. 5. We create composites across sites

and years of NEP from the 15 AmeriFlux sites over the

period of overlap (2007–10) in 5-day means for the more

northern and east-central sites (Fig. 5, top panel) and

southern sites (Fig. 5, bottom panel). This is compared

with a composite of Noah soil moisture (0–10 cm) at the

grid point locations of the AmeriFlux sites. We choose

to use the model soil moisture since it provides a more

continuous record of soil moisture than the AmeriFlux

data (which has missing data in the time series). As a

caveat we note that NLDAS-2 Noah vegetation is pre-

scribed and has the same seasonal cycle each year, which

will in turn influence soil moisture draw down. There-

fore, we expect soil moisture to not completely track the

observations of NEP from AmeriFlux.

The peak in winter soil moisture occurs during the low

vegetation productivity winter months. NEP then in-

creases during spring and draws down the soil moisture.

This is more prominent among the northern sites (top

panel). The NEP then declines when soil moisture has

been drawn down to low values prior to the summer

monsoon. The second maximum of NEP then follows

after the monsoon driven summer maximum in soil

moisture. An exception occurs in 2009 in which NAM

rainfall was significantly below average (verified in re-

cords of PRISM precipitation for the summer of 2009).

The green-up of vegetationwith theNAM is particularly

striking for the southern sites, which have greater veg-

etation productivity during summer and only a muted

spring green-up despite a clear spring soil moisture

maximum. This is consistent with the southern sites

being dominated by C4 grasses which are more sensitive

to summer conditions (Notaro et al. 2010).

For 2007–10 at the northern and southern sites, we also

examine the seasonal evolution ofNEPwith soilmoisture

and precipitation. We create individual scatterplots (see

Fig. A1 in the appendix) of NEP against soil moisture,

and join the points to illustrate the evolution of each

quantity in time, and also in terms of precipitation (in-

dicated by shading of line). We find that for the northern

sites (Fig. A1, top panel) the average path taken is as

follows: soil moisture begins high in the winter months

with winter precipitation, while NEP is low (January–

February). NEP then increases as soil moisture is drawn

down in the early spring (March–May). After this initial

FIG. 4. (a)–(e) Seasonal cycle of NLDAS-2 Noah, Mosaic, and VIC LAI (0–9), (f)–(j) GIMMS NDVI, and the (k)–(o) negative of

AmeriFlux net ecosystem exchange. Net ecosystem exchange (NEE) is defined as the total respiration (autotrophic plus heterotrophic)

minus net primary production (NPP) and reflects ecosystem exchange of carbon with the atmosphere. During the growing season when

productivity exceeds respiration, NEE is negative. Here we plot the negative of NEE (NEP) in order to better visualize plant growth. The

NLDAS-2 LAI and GIMMS NDVI corresponds to the grid point location and available time period of the AmeriFlux site used.
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spring green-up, precipitation is low, andNEP then begins

to decline (this is the spring dry season fromMay to June).

Soil moisture and NEP then both increase with a pulse

in precipitation during the summer monsoon months

(July–September). The scatterplot for the southern sites

(Fig. A1, bottom panel) also demonstrates the decline in

soilmoisture andNEP from thewinter into the spring, and

then the increase in either quantity following the arrival of

the monsoon (July–September).

Analysis of the observations indicate a coupled rela-

tion between NEP and soil moisture [consistent with

previous studies (Notaro et al. 2010; Muldavin et al. 2008;

Huxman et al. 2004; Scott et al. 2009; Vivoni et al. 2008;

Watts et al. 2007)]. Hence, we use soil moisture as an

indicator of the dry season due to its association with

ecosystem productivity and its long period of record.

e. Larger SWUS bimodal region: Seasonal cycle of
precipitation, ET, and soil in NLDAS-2 Noah

Next, we turn our analysis to the broader SWUS bi-

modal area identified in Fig. 1. We use spatially aver-

aged precipitation, ET, and soil moisture (0–200 cm) to

create seasonal cycles in 5-day means from 1979 to 2017

from the Noah output (Fig. 6). First, we correlate the

TABLE 3. Correlation of NLDAS-2 LSM output with AmeriFlux (r values significant at a 5 0.05 unless surrounded by parentheses).

Vcp Vcm Fmf Fwf Fuf Seg Ses Wjs Mpj SRC SRG SRM Whs Wkg Aud

Precipitation 0.48 0.37 0.57 0.58 0.61 0.68 0.65 0.62 0.57 0.76 0.85 0.86 0.92 0.93 0.82

ET (Noah) 0.96 0.91 0.92 0.93 0.85 0.92 0.94 0.97 0.93 0.92 0.97 0.98 0.95 0.97 0.96

ET (Mosaic) 0.71 (0.21) 0.73 0.78 0.66 0.79 0.79 0.58 0.65 0.57 0.54 0.56 0.81 0.75 0.76

ET (VIC) 0.83 0.28 0.89 0.86 0.88 0.77 0.76 0.48 0.64 0.72 0.75 0.72 0.79 0.78 0.80

0–10-cm SM (Noah) — — (20.05) 0.36 (0.13) — — — — 0.88 0.74 0.90 0.87 0.95 0.46

0–10-cm SM (Mosaic) — — (0.11) 0.51 (0.23) — — — — 0.89 0.69 0.89 0.86 0.94 0.48

FIG. 5. Composite of NEP for AmeriFlux sites (red line) and standardized Noah 0–10-cm soil moisture corre-

sponding to sites (blue line). Data are in 5-day means for 2007–10. (top) Northern sites (Fmf, Fwf, Fuf, Vcp, Vcm,

Seg, Ses, Srm, Mpj) and (bottom) southern sites (SRC, SRG, SRM, Whs, Wkg, Aud).
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seasonal cycle of 5-day mean precipitation and ET from

the average of the 15 AmeriFlux sites and the corre-

sponding NLDAS-2 grid points, and find that over the

greater region, precipitation agrees at r5 0.79 and ET at

r 5 0.91. These high correlation values for the broader

area give us confidence in using the spatially averaged

Noah simulations for the rest of the analysis.

The 0–200-cm soil moisture shows a maximum in

winter followed by a drying in the spring, which is re-

stored to a smaller secondary peak in the summer. The

0–200-cm soil moisture has the same bimodal pattern as

the 0–10-cm values, but, the winter and summer peaks

occur later in the year and are more muted. The larger

winter peak arises due to both the steady nature of

precipitation in the winter months, allowing water to

readily infiltrate the soil, and cooler temperatures and

low evaporative demand (Loik et al. 2004). In the

summer, monsoon precipitation is overall greater in

magnitude and more intense, but also is short lived oc-

curring in convective storms, and much of this water is

lost to surface runoff. This is an increasingly important

mechanism farther south in the study region where

monsoon precipitation dominates and the surface runoff

to precipitation ratio is large (not shown). In addition,

evaporative demand is also much greater during the

summer, leading to soil moisture drawdown.

f. Decadal shifts

Weexamine two periods over the last three decades to

contrast changes in the dry season and vegetation green-

up in the bimodal region: 1979–97 and 1999 –2017. These

periods are selected based on the climate shifts observed

over the tropical Pacific which are known to have im-

plications for the SWUS (Zhang et al. 1997; Mantua

et al. 1997). We also ensure both periods are of equal

length (19 years), and select 1979–97 to capture the

particularly wet year 1979. The recent dry period is

chosen to start in 1999 as this excludes the wet year 1998

(resulting from the 1997/98 El Niño), and captures the

more severe dry years of the recent period. We end the

period in 2017 to ensure complete years of data, but note

that this drought is ongoing in 2018.

However, since GIMMS NDVI begins in 1981, it is

averaged over the bimodal region for 1981–97 and 1999–

2015 (Fig. 7). NDVI is significantly lower during March–

July in the later decades: using a Student’s t test significant

ata5 0.05,we compared the distribution ofNDVI values

in each period and found the distributions to have dif-

ferent means for all months fromMarch to July. There is

no significant decline in the later summer months in

NDVI. A slight shift to later start in green-up is also

observed in later decades for the mean seasonal cycle,

with green-up starting in mid-February for 1999–2015
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compared to early February (1981–97) (Fig. 7). However,

this delayed green-up start is found not to be significant

when we test the distribution of green-up start times

in either period (using a Student’s t test we find t 5 1.06,

p 5 0.29).

Seasonal cycles of rain, snowfall, total runoff, snow-

melt, soil moisture (0–200 cm), ET, the ratio of snow to

total precipitation, and SWE from NLDAS-2 Noah are

shown in Fig. 8. The seasonal cycles are averaged over

the same two time periods: 1979–97 and 1999–2017. A

drying is observed in each of these quantities for the

later decades. Rain is reduced in the winter–spring

(Fig. 8a), but no significant change occurs during the

summer monsoon season. SWE and snowmelt are also

reduced in the later decades (Figs. 8d,h). Soil moisture

also declines and shifts to an earlier spring minimum in

the later decades (Fig. 8e). The mean minimum occurs

on average one week earlier in the later decades, but this

earlier timing is not significant when testing the timing

for the distribution of years from either period (using a

Student’s t test we find t5 0.29, p5 0.78). Runoff is also

reduced, particularly during the winter runoff peak

(Fig. 8c). To verify the shift toward reduced runoff, as

well as the magnitude of this reduction, we examine the

same decadal seasonal cycles of USGS gauged stream-

flow data for a number of sites within the region, and find

the same marked decline between either time period

(see Fig. A2 below).

To place these changes in the SWUS region in the

context of planetary scale Pacific decadal variability, the

continent-wide spatial patterns of the difference be-

tween the two periods are shown in Fig. 9 for annual

average precipitation, ET, total runoff, snowmelt, soil

moisture (0–200 cm), air temperature, along with

Pacific–North America patterns of detrended SST and

200-mb geopotential height. Drying in the later decades

is apparent across the SWUS for each of the hydrolog-

ical variables, as well as a widespread increase in tem-

perature across much of the continental United States.

This pattern of drying during the later decades is con-

sistent with the tropical Pacific influence on winter

precipitation in the SWUS (Delworth et al. 2015; Seager

and Vecchi 2010; Mantua et al. 1997; Huang et al. 2005).

After the 1997/98 El Niño, there was a shift to cooler

SST and low geopotential heights over the tropical

Pacific and positive 200-mb geopotential height anom-

alies over the west which cause the drying (Delworth

et al. 2015; Seager and Vecchi 2010; Lehner et al. 2018).

The same patterns associated with the Pacific are ap-

parent for the midcentury drought (see Fig. A3 below).

We create a metric of spring drying based on soil

moisture fromNoah and SM-MCDI (Fig. 10, top panel).

We define the length of the dry season as the period of

drying between the winter maximum in soil moisture

and the spring minimum, before recovery with summer

precipitation. We use the deeper depth (0–200 cm) soil

moisture for Noah to be consistent with the SM-MCDI.

No significant trend in the duration of the dry season is

detected during 1979–2017 (based on results of a Mann

Kendall significance test we find t 5 8.22, p 5 0.30

and t 5 275.79, p 5 0.83 for Noah and SM-MCDI,

respectively).

For the soil moisture minimum, for 1979–97 the av-

erage minimum occurs during the second week of July,

and for 1999–2017 the minimum occurs in the first week

FIG. 6. Seasonal cycle of the bimodal region for (top) pre-

cipitation and ET and (bottom) soil moisture (0–200 cm) for

NLDAS-2 Noah time averaged from 1979 to 2017. Shading on soil

moisture indicates the variability over the years averaged.

TABLE 5. Correlation of NLDAS-2 LSM LAI with GIMMS NDVI (r values significant at a 5 0.05 unless surrounded by parentheses).

GIMMS

(Vcp, Vcm)

GIMMS

(Fmf, Fwf, Fuf)

GIMMS

(Seg, Ses, Wjs, Mpj)

GIMMS

(SRC, SRG, SRM)

GIMMS

(Whs, Wkg, Aud)

LAI (Noah) 0.45 0.67 0.22 0.48 0.43

LAI (Mosaic) 0.89 0.94 0.70 (0.56) 0.81

LAI (VIC) 0.60 0.73 (20.08) (0.35) (0.1)
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of July (Fig. 10b). This shift toward an earlier spring

minimum is found to be significant for the average of

Noah and SM-MCDI (based on results of a Mann

Kendall significance test with t 5 23.50, p 5 0.01).

However, individually, only SM-MCDI has a significant

trend toward an earlier spring soil moisture minimum.

Examining the average trend for the winter soil

moisture peak in Noah and SM-MCDI, we find that

from 1979 to 1997, the average peak is the third week of

February, and for 1999–2017, the first week of February

(Fig. 10c). However this trend toward an earlier peak is

not significant (based on results of a Mann Kendall

significance test with t 5 26.53, p 5 0.19).

The earlier spring minimum is consistent with less total

moisture being delivered to soils in the winter and spring,

and hence the same drying rate achieves the soil moisture

minimum earlier in the season. The lack of trend in the

duration of the dry season is consistent with both thewinter

peak and spring minimum shifting to earlier in the year.

g. Simple soil moisture balance model

To better understand the processes responsible for the

decadal differences in soil moisture we relate the change

in soil moisture dSm/dT to rain Prain, snowmelt Sn, ET,

and runoff Ro using the following

dS
m

dt
5

S
mt1Dt

2 S
mt

Dt
5P

rain
1S

n
2ET2R

o
. (1)

We use the seasonal cycles of Prain, Sn (both defined

positive as a soil moisture gain), ET, and Ro (both

defined positive as a soil moisture loss) in the bimodal

SWUS region from NLDAS-2 Noah output to calculate

dSm/dT at each 5-day time step using values from the

wet decades (1979–97) and the dry decades (1999–2017)

(Fig. 11a). We calculate dSm/dT by integrating forward

in time using values ofPrain, Sn, ET, andRo at a time step

Dt of one pentad.

The results of the soil moisture balance model are

compared with Noah 0–200-cm soil moisture for each of

these two decades. We use this deeper depth as it pro-

duces the best agreement with the output from our

simplemodel, and is also consistent with the depth of the

SM-MCDI soil moisture that we analyze later. Like the

0–100-cm soil moisture layer, the 0–200-cm layer has

moremuted and later winter and summer peaks than the

0–10-cm layer, but still has a clear connection with

vegetation green-up and decay in the spring and sum-

mer. The calculated soil moisture from the simple model

generally agrees with the output from NLDAS-2 Noah

in either decadal period.

We then decompose the change in soil moisture

balance into contributions from Prain (Fig. 11b), Sn

(Fig. 11c), ET (Fig. 11d), and Ro (Fig. 11e). Rain and

snowmelt from the later decades drive the observed soil

moisture decline, with rain producing the greatest

change. This is consistent with the study region being

mostly dominated by rain with just a subset of the

northern sites having snow cover during the winter. Rain

also produces the observed shift to an earlier spring dry

period. From the point of view of soil moisture, re-

ductions in runoff and ET are then offsetting responses

arising from the reduced soil moisture availability.

h. Contrasting the 1948–66 and 1999–2017 droughts

The decadal shift to drier conditions in recent decades

need not be due to long-term climate change. Decadal

variability is strong in this region of the SWUS, as evi-

denced in the SM-MCDI soil moisture extending back

to 1948 (Fig. 12). We focus on 1948 to present due to the

greater accuracy of climate data and availability of

comprehensive atmospheric reanalysis in the second

half of the twentieth century. For the midcentury

drought, we select the years 1948–66 so that we are

capturing the driest years during the midcentury period,

and also so that we are contrasting two time periods of

equal length (19 years).

The 1950s drought is prominent in the historical time

series, with soil moisture values falling almost as low as

the current period of drying (1999–2017). This drought

in the SWUS is well documented, and is associated with

tropical Pacific SST anomalies and a ridge over the

SWUS (also see Fig. A3) (Seager et al. 2005; Cook et al.

2011). It appears amid an extended midcentury dry

FIG. 7. Seasonal cycle of GIMMS NDVI area averaged over the

bimodal precipitation region (indicated in Fig. 1). The seasonal cy-

cles for two different decadal periods are shown: 1981–97 and 1999–

2015. Vertical solid black lines indicate the difference is significant

(using a Student’s t test at a 0.05 significance level to each half-month

distribution from the different periods), and gray lines indicate the

difference is not significant between the two periods.
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period that continued until the late 1970s and was also

related to cool tropical Pacific SSTs (Huang et al. 2005).

Based on the SM-MCDI soil moisture, we find that

soil moisture was lower in the more recent drought

throughout the year compared to the 1940s/50s drought

(Fig. 13b). This is hard to explain in terms of a pre-

cipitation decrease given the small difference between

precipitation in the midcentury and recent drought

(Fig. 13a). The lack of explanatory power from pre-

cipitation change has also been noted in a study con-

trasting droughts in the upper Colorado River basin

during the twentieth century (Woodhouse et al. 2016).

The temperature anomalies show more striking decadal

changes, with the most recent drought having greater

temperatures in each month of the year, compared to

both the previous drought and the 1979–97 wet period

(Fig. 13c).

In light of warming temperatures in the region, we use

the SM-MCDI soil moisture to investigate specifically

the role of evaporative demand in each drought. In

Fig. 14 the spring (AMJ) SM-MCDI soil moisture is

plotted as an anomaly relative to the 1921–2000 mean

(bars) and is then decomposed to show the contribution

of precipitation (SM-P, blue line) and PET (SM-PET,

red line). SM-P is forced by precipitation only, holding

PET at its mean annual cycle for 1921–2000. The dif-

ference between SM-MCDI and SM-P (SM-MCDI

minus SM-P) is the effect of PET on soil moisture (SM-

PET) (Williams et al. 2017). For themidcentury drought

(1948–66) PET contributed to 6% of the negative soil

moisture anomaly, and for the recent drought (1999–

2017), PET contributed to 39% of the soil moisture

anomaly.

This analysis confirms the results of other studies

(Woodhouse et al. 2016), indicating the heightened role

of temperature in exacerbating drying during the more

recent drought despite similar precipitation amounts.

This finding is consistent with the shift to warmer tem-

peratures in the region throughout the year (Fig. 13). As

such, warming and higher evaporative demand lead to

lower soil moisture in the spring in the most recent

drought than in the prior drought, despite similar re-

ductions in precipitation. Although not novel, this result

demonstrates the sensitivity of hydroclimate in this re-

gion to increasing temperatures, with potential impli-

cations to future warming. Focusing on the spring period

FIG. 8. NLDAS-2 Noah seasonal cycle of the bimodal region showing the decadal shift of

hydrological variables for wet decades (1979–97) and dry decades (1999–2017) for (a) rain,

(b) snowfall, (c) total runoff, (d) snowmelt, (e) soil moisture (0–200 cm), (f) ET, (g) the ratio

of snow to total precipitation, and (h) SWE.
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is also critical, as the spring is already naturally charac-

terized by limited moisture and vegetation senescence.

Our study therefore highlights the importance of tem-

perature in this already moisture-limited season, with

implications on runoff, vegetation, and other systems

(discussed below).

4. Conclusions

a. How has hydroclimate changed on decadal time
scales, and how has this influenced the spring and
summer vegetation green-ups?

From 1999 to 2017, precipitation during the winter–

spring declined, compared to an earlier wet period

(1979–97). This climatic shift in the SWUS is well

known, and associated with the change from warmer to

cooler SSTs in the tropical Pacific (McCabe et al. 2004;

Mantua et al. 1997; Huang et al. 2005). The magnitude

and timing of the NAMwas relatively unchanged during

this shift.

This climatic shift led to a significant decline in spring

vegetation productivity in this region since 1999,

according to GIMMS NDVI data, and consistent with

previous studies (Notaro et al. 2010; Muldavin et al.

2008; Williams et al. 2013). This is associated with the

reduction in winter–spring precipitation, which is critical

for adding moisture to soils, and providing water for

spring vegetation green-up. Summer vegetation green-

up has been relatively unchanged in 1999–2015 com-

pared to 1981–97, and this is due to the lack of change in

the NAMduring this period. Our results therefore agree

with previous studies, and demonstrate that on longer

time scales, decadal periods of reduced winter–spring

precipitation leads to declines in spring vegetation pro-

ductivity, but does not impact summer vegetation

greening.

FIG. 9. Maps showing difference in annual average for hydrological variables between dry decades (1999–2017)

minus wet decades (1979–97) for (a) NLDAS-2 precipitation forcing, (b) Noah ET, (c) Noah total runoff, (d) Noah

snowmelt, (e) Noah 0–200-cm soil moisture, (f) NLDAS-2 temperature forcing (2-m level). For large-scale dy-

namical context, NCEP–NCAR Reanalysis detrended (g) SST and (h) 200-mb geopotential height are shown.

Contours are plotted at 0.258C intervals for SST, and at 20-m intervals for geopotential height.
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FIG. 10. (top) Time series of the duration in the spring drying period for NLDAS-2 Noah

(0–200 cm) and SM-MCDI (0–200 cm). The spring dry season duration is defined as the time

between soil moisture winter peak to spring–summer minimum and is plotted in 5-day means

(pentads). (bottom) The timing of the (a) summer soil moisture peak, (b) spring–summer

minimum, and (c) winter peak in the left panels, with the linear trend shown in the right panels.

We use the deeper available soil moisture levels from the models, as these exhibit less year-

to-year variability and provide more consistent results in timing across models. Solid (dashed)

lines indicate that trends are significant (insignificant) (using a Mann–Kendall significance test

at a 5 0.05).
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b. How do shifts in hydroclimate influence the
magnitude, timing, and duration of the intervening
spring dry season?

From 1999 to 2017, the spring dry season has become

significantly drier and has shifted to earlier in the year

compared to a prior wet period (1979–97), as repre-

sented in theNLDAS-2Noahmodel and SM-MCDI soil

moisture. There is also a tendency toward earlier winter

soil moisture maximum (however, this is found to not be

statistically significant). The combined result is to shift

the dry season to earlier in the year. The earlier spring

minimum is associated with less available moisture in

the soils, and therefore the same rates of drying will lead

to theminimumbeing reached earlier in the season. This

reduction in moisture availability and faster drying is

also reflected in the reduction of spring vegetation

green-up in NDVI during this time period.

The lower magnitude and earlier average spring soil

moistureminimum are attributed to reduced winter–spring

precipitation, more precipitation falling as rain rather than

snow during the winter, and earlier snowmelt. Earlier

snowmelt in the west has also been well established in the

literature (Barnett et al. 2008;Mote et al. 2018). The impact

of earlier melt is more important in the northern portion of

the study region, which receives greater amounts of snow

cover at elevation during the winter months. The dominant

mechanism arises from the overall decrease in winter–

spring precipitation, which contributes to drying out of the

soil moisture column earlier in the year as less moisture is

initially available. Implications of this also include a re-

duction in runoff and NEP, which respond to the magni-

tude of moisture in the system.

Analysis of twentieth-century soil moisture (SM-

MCDI), in conjunction with known periods of drought

FIG. 11. (a) Simplemodel for soil moisture (0–200 cm) in the bimodal region run for the wet

decades (1979–97) (blue line) and dry decades (1999–2017) (red line). The simple model

calculates soil moisture from the balance of rain, snowmelt, ET, and runoff. The simplemodel

is compared with NLDAS-2 Noah soil moisture for either period. Contribution of each

variable from the simple model to the observed drying from earlier to later decades. The

model is run using the dry decades (1999–2017) value of one variable at a time for each of

(b) rain, (c) snowmelt, (d) ET, and (e) runoff] and wet decades (1979–97) values for other

variables. This is compared with the modeled wet decades soil moisture.
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and pluvials in the mid twentieth-century (Seager et al.

2005; Cook et al. 2011), indicate that this decadal vari-

ability in spring drying has been prevalent throughout

the past century in the SWUS. We also find that spring

drying during themidcentury is associated with the same

climate mechanism as for the recent period, and is pri-

marily due to a reduction in winter–spring precipitation.

c. Is there an influence of warming temperatures on
the ecohydrology of the region?

In agreement with previous studies (Woodhouse et al.

2016), temperature increases and greater PET during

the more recent period were found to enhance drying

and soil moisture decline compared to the midcentury

drought. The role of PET in soil moisture drying in-

creased from 6% for 1948–66 to 39% in 1999–2017. This

suggests that continued rising temperatures will exac-

erbate soil moisture drying and stresses the sensitivity of

this region to anthropogenic warming.

Despite the temperature influence, precipitation plays

the dominant role in spring drying for both the mid-

century and recent drought as stated above. During the

earlier period (1979–97), 25% of precipitation fell as

snow during January–February, compared to 15% dur-

ing 1999–2017 consistent with warming. Winter rainfall

reduction is also responsible for shifting the spring soil

moistureminimum to earlier in the year due to an earlier

drying out of stored water content. Changes in winter

precipitation in the decades we analyze are consistent

with climate shifts in tropical Pacific SSTs.

5. Implications

Our study indicates that to date precipitation in the

winter–springhas been thedominantmechanism impacting

drying. Precipitation in turn is strongly associated with

tropical Pacific SST, and future decadal variability of the

Pacific will be critical for controlling the dynamics of the

spring dry season in the future. Given the relationship be-

tween winter precipitation, soil moisture, and spring vege-

tation (Notaro et al. 2010;Vivoni et al. 2008;Robinson et al.

2013), future changes in winter precipitation due to the

combined effects of natural decadal variability and

emerging forced spring drying could have negative conse-

quences on ecosystemproductivity.Anthropogenic climate

change in the SWUS is projected to intensify aridification

(Seager et al. 2007), particularly during the spring (Gao

et al. 2014; Ting et al. 2018).

Despite the dominant role of precipitation, we also

detected a heightened role of temperature in the recent

post 1999 drought compared to the midcentury drought.

This has important implications in light of projected

temperature increases. The influence of changes in pre-

cipitation will occur against a background of enhanced

PET due to higher temperatures in the future. However,

if due to natural variability, the tropical Pacific returns to

warm or neutral conditions as has been forecast (e.g.,

Ramesh et al. 2017) then this would introduce a tendency

FIG. 12. Time series of 0–200-cm soil moisture for NLDAS-2

Noah (monthly) and SM-MCDI soil moisture (monthly) (Williams

et al. 2017).

FIG. 13. Seasonal cycle of the bimodal region showing decadal

shift of hydrological variables: (a) CLIMGRID precipitation,

(b) soil moisture (SM-MCDI), and (c) CLIMGRID temperature

seasonal cycle anomaly (anomaly based on 1948–2017 period). For

each of the variables we plot the average seasonal cycle from wet

decades (1979–97) and dry decades (the earlier dry period in 1948–

66 and the later period in 1999–2017).
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to a wetter winter and a later onset and wetter spring dry

season that would, at least temporarily, work against the

human-driven trend toward drying.

Other impacts include the response of vegetation toCO2

fertilization, in which increased amounts of atmospheric

CO2 enhance vegetation growth (Milly and Dunne 2016).

Analyzing projections of the twenty-first century with an

Earth systemmodel, the SWUSwas found to become both

greener and drier (Mankin et al. 2017). Future research

questions could focus on whether the model-projected

enhanced spring drying will be offset by physiological ef-

fects of CO2 on ecosystems in this region. Greater vege-

tation cover could also have the effect of enhancing water

losses through ET in the spring and early summer, re-

ducing soil moisture and runoff (Mankin et al. 2017, 2018).

A changing climate may also impact ecosystems in

other indirect ways. Warming has contributed to greater

outbreaks of bark beetles and wildfires in the western

United States (Abatzoglou and Williams 2016;

Westerling et al. 2006; Morgan et al. 2008; Raffa et al.

2008), both of which enhance tree mortality (Williams

et al. 2013). Our study has found a reduction in moisture

during the spring, in addition to warmer summer tem-

peratures. Warming and reduced soil moisture increase

the vapor pressure deficit (VPD), the difference be-

tween the water vapor content of the air and the satu-

ration value, a quantity observed to correlate strongly to

annual forest fire area in the western United States

(Seager et al. 2015; Williams et al. 2015). Changes in

moisture, temperature, and VPD could all increase

susceptibility of trees to bark beetle infestation and

wildfire in the future.

Finally, a reduction and advance in the timing of peak

runoff in the spring due to earlier snowmelt has been

identified for western rivers (Stewart et al. 2005; Regonda

et al. 2005). Enhanced winter and spring drying in the

future could also contribute to reduced and earlier

streamflow peaks for this region, as suggested by obser-

vational studies on the increasing role of temperature

(Woodhouse et al. 2016; Barnett et al. 2008), and future

FIG. 14. Decomposition of spring (AMJ) soil moisture to show the contribution of PET

(red line) and SM-P (blue line) to SM (bars) for the SWUS bimodal region. Anomalies are

calculated based relative to the 1921–2000 mean.

FIG. A1. Scatterplot of AmeriFlux NEP (x axis) plotted against

0–10-cmNLDAS-2Noah soil moisture (y axis), andNLDAS-2 forcing

precipitation (color bar shading) for northern sites (Fmf, Fwf, Fuf, Vcp,

Vcm, Seg, Ses, Mpj) and southern sites (SRC, SRM, SRG,Whs, Wkg,

Aud). The average seasonal cycle for the years 2007–10 is shown.
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projections (Seager et al. 2013b; Barnett et al. 2008;

Mankin et al. 2017; Ting et al. 2018). Reduced streamflow

would be harmful to riparian ecosystems (Jaeger et al.

2014; Perkin and Gido 2011). River fragmentation is

particularly deleterious to fish breeding, which rely on

flowing waters as part of the spawning process, because of

the impacts of fish being trapped in anoxic and stagnant

river segments (Perkin and Gido 2011; Dudley and

Platania 2007). Summer temperatures could potentially

also lead to greater ET, reducing the summer streamflow

peak in the future.

Given the sensitivity of this SWUS region to climate

change, and the implications on ecosystems, wildfire,

and streamflow, improved understanding of the mech-

anisms tying together the climate, hydrological, and

ecological systems is important for explaining past and

future environmental variability and change.
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Additional Figures

This appendix contains Figs. A1–A3, which accom-

pany the results of the article.
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