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1 | INTRODUCTION

Abstract

The direction and magnitude of responses of evapotranspiration (ET) to climate
change are important to understand, as ET represents a major water and energy flux
from terrestrial ecosystems, with consequences that feed back to the climate system.
We inferred multidecadal trends in water balance in 11 river basins (1940-2012) and
eight smaller watersheds (with records ranging from 18 to 61 years in length) in the
Northeastern United States. Trends in river basin actual ET (AET) varied across the
region, with an apparent latitudinal pattern: AET increased in the cooler northern part
of the region (Maine) but decreased in some warmer regions to the southwest
(Pennsylvania-Ohio). Of the four small watersheds with records longer than 45 years,
two fit this geographic pattern in AET trends. The differential effects of the warming
climate on AET across the region may indicate different mechanisms of change in
more- vs. less-energy-limited watersheds, even though annual precipitation greatly
exceeds potential ET across the entire region. Correlations between AET and time
series of temperature and precipitation also indicate differences in limiting factors
for AET across the Northeastern U.S. climate gradient. At many sites across the
climate gradient, water-year AET correlated with summer precipitation, implying that
water limitation is at least transiently important in some years, whereas correlations
with temperature indices were more prominent in northern than southern sites within

the region.
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Vila-Guerau De Arellano, & Teuling, 2010; Walter, Wilks, Parlange, &

Water vapour flux between the earth surface and the atmosphere via
evapotranspiration (ET) is a major component of water and energy bal-
ances. Changes in ET have important consequences for the reliability
of surface freshwater resources, ecosystem productivity, and soil bio-
geochemical processes, as well as feedbacks to the global climate sys-
tem. A general consensus has emerged that anthropogenic climate
forcing is likely to intensify the global hydrological cycle (Hobbins,
Ramirez, & Brown, 2004; Huntington, 2006; Van Heerwaarden,

Schneider, 2004). However, the complex set of factors controlling ET
fluxes challenge the notion that ET might simply increase due to cli-
mate warming. Transpiration, which represents the majority of ET in
forested landscapes (Jasechko et al., 2013; Zhang et al., 2016), is con-
trolled not only by the atmospheric demand for water but also by soil
water availability, physiological traits of vegetation, and the duration
of the leaf-on season (Huntington, 2004; Kirschbaum, 2004; Meinzer
et al., 2013). The popular Budyko water balance framework models
(after

Budyko, 1974) are parsimonious in nature, partitioning
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precipitation run-off and ET (e.g., Jones et al., 2012), where ET is lim-
ited either by soil water availability or by atmospheric demand (poten-
tial ET, PET). PET is a function of air temperature, atmospheric
pressure, wind speed, specific humidity, and solar radiation (Penman,
1948). Thus, studies examining the reasons for ET changes must rec-
ognize the potential for offsetting trends among the multiple dimen-
sions of climate change (Donohue, McVicar, & Roderick, 2010), as
well as potentially complex interactions of multiple global change
drivers on ET.

Some previous analyses of ET trends utilized regional to global
networks of evaporation pan observations to provide estimates of
PET, with results showing consistent multidecadal declines in pan
evaporation (Lawrimore & Peterson, 2000; McVicar et al., 2012;
Roderick, Hobbins, & Farquhar, 2009). However, in humid regions,
interpreting pan evaporation is complicated because increases in tran-
spiration from the surrounding landscape may sufficiently reduce the
vapour pressure deficit (VPD) to depress rates of pan evaporation
(Hobbins et al., 2004; Roderick et al., 2009; Van Heerwaarden et al.,
2010).

Studies using direct estimates of ET based on flux tower data or
water yield from large river basins around the world have reported
trends of both increasing ET (Hobbins et al., 2004; Walter et al,,
2004; Zeng et al., 2012) and decreasing ET (Jung, Chang, & Risley,
2013; Keenan et al., 2013). Observed ET trends have varied across
time periods (Jung et al., 2010; Yao et al.,, 2012) or sites (Teuling
et al., 2009; Walter et al., 2004). Long-term trends and drivers of ET
differ considerably among various landscapes, climatic regions, and
time (Jones et al., 2012).

In the Northeastern United States, trends in ET and the dominant
controls on this trend are not clear. There have been long-term
increases in both precipitation (Hayhoe et al., 2007; Keim, Fischer, &
Wilson, 2005) and streamflow (Collins, 2009; Hodgkins and Dudley,
2005; McCabe & Wolock, 2002). Like the global and continental scale
studies discussed above, water balance analyses at various scales sug-
gest that ET in the northeast might, on balance, be increasing
(Huntington & Billmire, 2014; Jung et al., 2013; Kramer et al., 2015;
Lu et al, 2015; Walter et al., 2004; but see Campbell, Driscoll,
Pourmokhtarian, & Hayhoe, 2011). The combination of increasing pre-
cipitation and air temperature (Hayhoe et al., 2007; Kunkel et al.,
2013) is expected to enhance ET (Huntington, Richardson, McGuire,
& Hayhoe, 2009) relieving both water and energy limitations where
and when they occur. These climate-induced changes in ET have been
demonstrated with models run using future climate change projec-
tions, and the effect is attributed largely to a lengthening of the leaf-
on season of deciduous trees (Hayhoe et al., 2007; Pourmokhtarian
et al., 2017; Szilagyi, Katul, & Parlange, 2001).

There are a number of observed and predicted changes in drivers
of ET (climate and vegetation) that might act to increase or decrease
ET at the regional scale. At the first order, a warming climate should
increase VPD and PET and, therefore, actual ET (AET) in energy-
limited environments. On the other hand, where daily temperature
ranges (DTR) have declined due to greater warming at night than dur-
ing the day, as in the Northeastern United States (Lauritsen & Rogers,
2012), daytime humidity might increase enough to stabilize VPD

despite warming temperatures. In fact, there is a substantial negative

feedback in this system, because increases in ET tend to reduce both
VPD and daytime temperatures (Bounoua et al, 2010; Durre &
Wallace, 2001; Kramer et al., 2015). In addition to VPD, PET is also
determined by incident solar radiation (e.g., as affected by cloudiness
and atmospheric aerosols) as well as by surface wind velocities
(Penman, 1948). Time series for these climatic parameters are coarser
and considerably less complete than those for temperature, precipita-
tion, and humidity (Dai, Karl, Sun, & Trenberth, 2006; Harris, Jones,
Osborn, & Lister, 2014; Pryor et al., 2009; Willett, Reynolds, Stevens,
Ormerod, & Jones, 2000). However, in the Northeastern United
States, substantial increases in cloudiness and decreases in wind have
been observed over the past century (lacono, 2009; Lauritsen &
Rogers, 2012; Pryor et al., 2009; Ukkola & Prentice, 2013), potentially
offsetting the effect of warming on PET. Conversely, global decreases
in incident radiation due to aerosol pollution in the mid-late 20th
century (which would have suppressed ET) appear to have largely
reversed themselves since about 1990 (Wild, 2012). The net effect
of these changes is difficult to model over the long term at the
regional scale with available data but may be detectable in the water
balance of long-term monitored watersheds.

In our study, we investigated spatial and temporal patterns of ET
in both large and small watersheds across the Northeastern United
States. We quantified trends in ET in 11 large watersheds (hereafter
“river basins”; >5,000 km?) and in eight small upland watersheds
(<10 km?), for which there are high-quality observational datasets on
precipitation and streamflow allowing calculation of ET at an annual
time scale via the water balance method. The advantages of the river
basins and small watersheds are complementary. Large watersheds are
representative of the overall landscape, and spatially averaged precip-
itation time series at this scale are relatively insensitive to data gaps
and variable record lengths (Daly et al., 2008; Di Luzio, Johnson, Daly,
Eischeid, & Arnold, 2008). On the other hand, the small upland water-
sheds we studied were 100% forested for the full duration of each
record, eliminating the effect of land-cover change on water balance,
and tend to have thin soils, minimizing the potential for interannual
variation in storage.

Our objectives were (a) to determine whether consistent long-
term trends in AET exist in large and small watersheds across the
Northeastern United States and (b) to determine the extent to which
AET variation can be explained by simple metrics of PET or water
availability at the scale of individual basins.

2 | STUDY SITES AND
HYDROMETEOROLOGICAL DATA

We selected study watersheds across the Northeastern United States
(Figure 1, Tables 1 and 2) at two different spatial scales. As with most
water balance analyses, we aggregated daily or monthly precipitation
and streamflow data (as well as climatological data in subsequent corre-
lation analyses) into water years (WY) rather than calendar years, to
reduce the effect of sometimes large interannual variation in storage
within the watershed (especially in snowy climates) on January 1. The
optimal WY in each catchment was chosen (beginning the first of any

month without snowpack under normal conditions) as the WY with
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FIGURE 1 Map of the 11 river basins (shaded; gage locations shown) and seven locations with small watersheds (triangles) that we included in
the analyses (including two small watersheds at Hubbard Brook). Abbreviations follow Tables 1 and 2. The inset map at the upper left shows the

study region within the conterminous United States

the highest correlation between precipitation and streamflow over the
full record. This procedure minimizes interannual variation in both stor-
age and AET and improves the sensitivity of tests for long-term trends
(Likens, 2013; Senay et al., 2011).

We calculated ET as the difference between precipitation and
streamflow on a WY basis, following the general approach of previous
studies (Campbell et al., 2011; Huntington & Billmire, 2014; Senay
et al., 2011; Walter et al., 2004). We did not consider change in stor-
age in this analysis because it is likely a small term in the overall water
balance, especially when analysing the trend in water balance over a
sufficiently long time period (Huntington & Billmire, 2014; Kramer
et al., 2015; Senay et al., 2011; Sharma & Walter, 2014).

2.1 | Small watershed data

We analysed data from eight small watersheds (~0.1-10 km?), located
at research sites where hydrology and forest ecology have been inten-
sively studied by the U.S. Geological Survey (USGS), the U.S. Forest
Service, and research universities. All watersheds were forested and
unmanaged for the duration of the hydrologic record, and several
serve as reference areas for nearby forest management or biogeo-
chemistry experiments (e.g., Fernandez, Adams, SanClements, &
Norton, 2010; Green et al., 2013; Hornbeck, Adams, Corbett, Verry,
& Lynch, 1993; Wang, Burns, Yanai, Briggs, & Germain, 2006). Clearly
delineated small catchments suitable for such research tend to be

located in areas of relatively high topographic relief. Most have one

or several precipitation collectors onsite or nearby. Site characteristics
and site-specific data sources and data processing are described in
Appendix S1 and Table SA1. At research sites with multiple small
watersheds, we selected the unmanipulated watershed with the lon-
gest record. However, at Hubbard Brook, where there are five unma-
nipulated watersheds, we selected one each from the north- and
south-facing slopes. We analysed data records from these small
watersheds ranging from 18 to 61 years in length, though the trend
analysis in sites with records <45 years was included only for com-
pleteness, because these sites were included in the correlation
analysis.

2.2 | River basin data

We analysed hydrologic records from 11 river basins (~5,000-
50,000 km?) gaged by the USGS. These records were selected from
the Hydro-Climatic Data Network (HCDN; Falcone, Carlisle, Wolock,
& Meador, 2010; Slack & Landwehr, 1992), to maximize geographic
coverage of the region and examine the largest basins with sufficiently
long and complete records, excluding nested smaller watersheds.
Together, these basins cover a sizeable fraction of the total area of
the Northeastern United States (Figure 1). We considered the density
of observations available to reconstruct suitable basin-scale precipita-
tion data to be a larger potential source of error than the inclusion of
major human disturbances such as land-use change, net groundwater

removal, impoundments, and engineered interbasin transfers, which
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TABLE 2 Descriptive data for the eight small study watersheds.

Mean

AET Sen slope
(mm year™?)

Mean AET
(mm year™)

Mean P
(mm year™?)

annual
T (°C)

n WY

25

Best WY

Oct

Hydrology
starts

Area
(km?)

elev (m)

Max
elev (m)

Study site Gage
(watershed) Lat Lon

Abbrev
BB

-7.3

382
489

1401
1353

59

1988
1957

0.11

0.42

450
732

44.86 -68.10 276
527

Bear Br. (East)
Hubbard Br.

-1.0

53

54

Jun

-71.72

43.95

Exp. For. (W3)
Hubbard Br. Exp.

HB3

1.2

1485 511

0.76 1965 Jun 47 4.5

899

619

-71.66

43.92

HB7

For. (W7)
Sleepers River (W9)

-24

520
446

1333

4.3

18
18

Sep
Oct

0.41 1992
1995

1.30

675
741

520
514

-72.16

44.48

SR

7.7

1170

438

-74.25

43.99

Huntington For.

HWF

(Archer Cr.)
Biscuit Br.

9.0
0.4
-14

626
626
805

1642

8.5

May 29

1983
1958
1951

9.63
1.23
0.39

1128

633
270
744

-74.50

42.00
40.67

BSB
LR

1070
1450

9.5

53
61

May

500
867

-77.94

Leading Ridge(W1)
Fernow Exp. For.(W4)

9.4

May

-79.69

39.05

FEF

Note. MAT is from PRISM (1980-2009). Sites are listed geographically across the climate gradient, from northeast to southwest. Sen slopes in bold are significant (Kendall p < 0.05). AET: actual evapotranspiration; WY:

water years.

are well characterized by Falcone et al. (2010). To ensure adequate
precipitation network density, we analysed only the period from
1940 to 2012. Although large basins are more subject to human
impacts than continually forested, unmanaged headwater catchments,
the HCDN watersheds were specifically chosen by the USGS to min-
imize these effects.

USGS gages report discharge (volume per time), which was con-
verted to annual run-off (depth per time), using the basin area from
a delineation by Falcone et al. (2010). Precipitation (P) data were
acquired from PRISM 4-km resolution monthly data product (Di Luzio
et al., 2008) and averaged across the river basins delineated by
Falcone et al. (2010).

2.3 | Mean PET climatology

To place the results from each of the river basins and small watersheds
in the context of the regional climate gradient, we calculated a single
long-term mean PET estimate for each watershed. Because Falcone
et al. (2010) calculated mean PET for the river basins using 1961-
1990 average temperatures from PRISM and the Hamon method
(Hamon, 1963), we calculated long-term mean PET for the small
watersheds in the same way, following Hamon calculations detailed
by Federer, Vorosmarty, and Fekete (1998). We used this Hamon
PET estimate only to relate any observed trends in ET to a consistent
general metric of the energy available for ET along the northeast-
southwest axis of our study area and to illustrate the theoretically
strong energy limitation of ET in these watersheds on a Budyko plot

(Figure 2). Hamon PET was not used directly in the trend analysis.

3 | METHODS

3.1 | Analysis of long-term AET trends

The significance of monotonic trends in AET was assessed in all AET
and correlative climate time series using the Mann-Kendall test (Helsel
& Hirsch, 2002). The slope and intercept of trends were estimated
using the Sen (1968) method. Statistical tests were conducted in R
versions 3.2.4-3.4.3 (R Core Team, 2017) using the zyp (Bronaugh &
Werner, 2013) and Kendall (McLeod, 2011) packages. Variation in
the ET trend across the regional climate gradient was assessed using
ordinary least-squares linear regression between the Sen slope of ET
and the mean P and PET at each site.

3.2 | Correlation analysis between AET and climatic
drivers

We examined several climatic metrics of both evaporative demand
and water availability as possible explanatory variables. We used local
records for precipitation over the full WY and meteorological summer
(June, July, August; JJA) as potential explanatory variables for ET at
the WY time scale. We also included summer Palmer Drought Severity
Index (PDSI), which is a modelled metric of soil moisture (Szép, Mika,
& Dunkel, 2005); average maximum daily temperature (Tmax); and
average DTR for the National Oceanic and Atmospheric Administra-
tion (NOAA) climate division of each site (NOAA National Centers
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PETHamon/P

for Environmental Information, 2017). Climate division data were used
to reduce the influence of variable record length and data gaps among
nearby stations. At Hubbard Brook, where long-term temperature
records exist for both the north- and south-facing slopes (Bailey,
Hornbeck, Campbell, & Eagar, 2003), we used those to better distin-
guish the two watersheds. For the river basins, Tmax and DTR means
were extracted from gridded monthly PRISM data. We assigned each
river basin PDSI values from the climate division of the streamgage.

For the four longest records in the small watersheds (HB3, HB7,
FEF, and LR), we also calculated a seasonal average for daily max
VPD, which was the variable we could most reliably extract from the
available records while minimizing the effect of data gaps and chang-
ing data-collection protocols over the study period. We used the
hourly temperature and dewpoint data from the nearest station with
complete hourly data in the National Climatic Data Center database
(https://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly) for the full period
of the hydrologic record (Concord, NH; Elkins, WV; and Williamsport,
PA, for Hubbard Brook, Fernow, and Leading Ridge, respectively).
Because observation times varied (and were sometimes only recorded
every 3 hr), we averaged daily VPD at 14:00 EDT +/- 30 min to
approximate the peak daily value in a consistent manner for the JJA
growing season in all years. The Concord, NH, VPD record was also
used for the Connecticut and Merrimack watersheds, and the
Williamsport, PA, record was used for the Susquehanna watershed,
though the data are only available starting in 1948.

In addition to testing for interannual correlations between AET
and temperature and VPD, which are important components of PET,
we also included PET estimates from two gridded data products:
CRU-TS 3.21 (Harris et al., 2014) and L15 (Livneh et al., 2013, 2015)
as correlative time series. The CRU-TS estimate of PET is calculated

1.0
PETHamon/P

FIGURE 2 All study watersheds are in
strongly energy-limited climates. The solid line
shows a 1:1 relationship, and the dashed line
shows the Budyko curve (Budyko, 1974).
Open circles represent the small watersheds;
filled circles represent river basins.
Abbreviations follow Tables 1 and 2. The inset
Ts shows where the sites fall relative to the
threshold between energy- and water-
limitation of ET (at PET/P = 1). AET: actual
evapotranspiration; ET: evapotranspiration;
PET: potential evapotranspiration

0.7 0.8

using a modified Penman-Monteith approach based on the gridded
monthly temperature, vapour pressure, and cloudiness data time
series for each 0.5° pixel, and assuming a fixed monthly wind climatol-
ogy. The L15 estimate of PET is based on daily meteorological data
(precipitation, maximum and minimum temperature, and mean wind
speed) interpolated on a grid of 0.0625° pixels and input into Variable
Infiltration Capacity hydrologic model, an energy-balance model that
accounts for vegetation characteristics (Liang, Lettenmaier, Wood, &
Burges, 1994).

Relationships between ET and correlative climate variables
described above were evaluated using Pearson correlations between
the time series for ET and the possible explanatory variables available
for each study watershed. Variables included energy metrics (Tmax;a,
DTRy;a, VPDjja, PETwy, and PET,;), water availability metrics (Pyy
and Pj,,), and PDSI;;,, which integrates cumulative energy and water
metrics. A significance threshold (a) of 0.05 was used, but we also
report results with p < 0.10 to allow a more complete assessment of
the geographic patterns of correlation between AET and various cli-

matic drivers.

4 | RESULTS
4.1 | Long-term AET trends
4.1.1 | AET trends in small watersheds

Four of the small watersheds have hydrological records greater than
45 years in length, whereas four have shorter records ranging from
18 to 29 years. Of the four long records, two (HB3 and FEF) show sig-
nificant declines of approximately 10% of AET (Table 2; p = 0.01 and


https://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly

VADEBONCOEUR ET AL.

0.002, respectively). There was a significant increase in ET at HB7, and
no significant trend at LR. Trends are less clear among the shorter
records; one site (BSB) showed a significant increase (p = 0.02), and
the other three showed no significant change. Owing to the length
of the time series, these sites are less suited to climate trend analysis
and were used here to assess spatial variation in the climatic controls,

rather than trends.

4.1.2 | ET trends in river basins

Between 1940 and 2012, AET increased significantly in two water-
sheds: PEN and KEN (both at the northern limit of our study area;
p = 0.002 and 0.008, respectively), and decreased significantly in
BEA (in the south-western part of the region; Table 1; Figure 3;
p < 0.001). We found a significant negative relationship between
mean annual PET and the rate of AET change since 1940 (Figure 3).
The relationship follows:

AET Change = 4.6 - 0.0076(PET)

with an r? of 0.50 and p of 0.02.

There is no analogous relationship between mean annual P and
the rate of AET change.

LOESS smoothed curves of the time series show that there are
more complicated patterns than monotonic trends (Figure SA1). Most
of the large watersheds show a decline in AET in the early part of the
study period (1940 to the 1960s), with mostly increasing trends there-
after (Figure 3). This early decline likely relates to a period of lower-
than-average rainfall through the late 1940s to the mid-1960s across
the study region (Paulson, Chase, Roberts, & Moody, 1991), culminat-
ing in a historically unprecedented drought from 1962 to 1965 (Cook
& Jacoby, 1977; Namias, 1966). However, individual site records also

display a variety of other short- and long-term dynamics. For example,

2.0

-
o

FIGURE 3 The observed trend in AET
inferred from water balance is related to mean
annual PET. Open circles represent the small
watersheds; filled circles represent river
basins. Watershed abbreviations follow
Tables 1 and 2. Only small watersheds with
>45 years of data are included here. Trends
are expressed using Sen's monotonic slope
estimate and shown with 95% confidence
intervals; trends with confidence intervals not
overlapping the zero line are significant at -2.0

a = 0.05. The regression line shown, for the

large watersheds only, has a slope of -0.0076

and an intercept of 4.6 mm year 2. AET: actual 400
evapotranspiration; PET: potential

evapotranspiration
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MOH shows a sudden increase between 1970 and 1990, followed by

a decline in AET since then.

4.2 | Correlations with explanatory climate variables
4.2.1 | Correlations with metrics of evaporative
demand

Summer maximum temperature correlated significantly and positively
with AET in two of the northern small watersheds, BB and HB7, with
an equally strong relationship at HWF that was not statistically signif-
icant, likely due to the shorter record (Table 3). Among the river basins,
MER, SUS, and BEA each showed significant positive relationships
between AET and Tmaxj;a.

No statistically significant relationships were detected between
DTRj;a and AET in the small watersheds, but among the river basins,
AND showed a negative relationship and MER showed a positive rela-
tionship. There were also no significant relationships between VPD ;5
and AET at the WY time scale for the four small watersheds for which
we had data, though for one of the river basins (MER), a significant
positive correlation existed.

Summer and WY gridded PET estimates were generally not signif-
icantly positively correlated with observed ET variation across the
study watersheds (Table 3). In the small watersheds, the strongest
result was at BB, where both summer and WY PET from L15 corre-
lated strongly with AET over the 25-year time series. Better correla-
tions with L15 than with CRU were also seen at HB3, though the
correlations are weaker. Among the river basins, there were nearly
as many significant negative correlations between AET and PET met-
rics (see ALL and MUS) as many significant (p < 0.05) positive correla-
tions (see MER and BEA). It is worth noting that the PET values in the
CRU-TS dataset differ systematically from Hamon PET and also from

HB7

@BEA

OHBS

FEF

500 600 700
I:>ETHamon (mm y-1 )
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AET inferred from water balance (Figure SA2). PET from the L15

dataset also exceeds observed AET but by substantially less.

422 |

There were significant positive correlations between ET and both WY

Correlations with metrics of water availability

and summer precipitation at the three southernmost small watersheds
(those with the greatest PET), plus conflicting results from the two
watersheds at HB for summer precipitation (one positive, one nega-
tive; Table 3). The correlation was equally strong but not significant
at SR due to the shorter record. This implies that water availability
during the summer at least transiently limits ET during some years at
these sites. Seven of the 11 river basins showed significant positive
correlations with P,ja, which was the strongest and most consistent
correlative variable overall (Table 3).

WY precipitation correlated significantly with ET at the three
southernmost small watersheds, and in two of these, it correlated
much more strongly than did JJA precipitation. A stronger relationship
with Pyy than with Pj;4 was also seen at HB7. One possible explana-
tion for this disjunct geographic pattern might be the longer leaf-on
season of both the southernmost (predominantly deciduous) water-
sheds and the conifer-dominated HB7, relative to the northern decid-
uous watersheds.

PDSI was substantially less useful than other metrics as a predic-

tor of ET, with a counter-intuitive negative correlation in the

Merrimack watershed, the only significant relationship with PDSI
across both the river basins and small watersheds (Table 3). Prelimi-
nary analyses using the Standardized Precipitation Evapotranspiration
Index (Vicente-Serrano, Begueria, & Lopez-Moreno, 2010) instead of
PDSI in a subset of watersheds yielded similar results (not shown).

5 | DISCUSSION

51 |
region

Direction of ET trends differ across the study

We found a number of significant trends in AET in both small watersheds
and large basins across the study region. These trends are not consistent
across the entire study region and in fact differ systematically in direction
across the modest climate gradient we examined, with cooler northern
watersheds experiencing an increase in AET and warmer watersheds to
the southwest seeing a modest decrease (Figure 3, Tables 1 and 2).
Increasing AET in the coolest climates likely relates to the alleviation of
energy limitation with longer and warmer leaf-on seasons (Cleland,
Chuine, Menzel, Mooney, & Schwartz, 2007; Dragoni et al., 2011;
Keenan et al., 2014). Declines in AET at the warmer sites are somewhat
unexpected given the overall warming across the region during the study
period (Table SA2; Hamburg, Vadeboncoeur, Richardson, & Bailey, 2013;
Hayhoe et al., 2007; Trombulak & Wolfson, 2004).

TABLE 3 Pearson correlation coefficients (R values) between AET and eight possible explanatory variables across small and large watersheds

Metrics of energy limitation

Metrics of water limitation

Tmax JJA DTRJJA VPDJJA CRUPETWY L15PET WY
°C RE kPa mm year* mm year™*
Small watersheds
BB 0.41** 0.36* NA 0.13 0.45**
HB3 0.02 0.04 0.11 -0.19 0.24*
HB7 0.38** 0.24 0.17 0.36 0.22
SR 0.02 0.04 NA -0.21 0.02
HWF 0.40* 0.01 NA 0.32 0.16
BSB 0.02 -0.08 NA -0.13 0.08
LR -0.21 -0.26* -0.27* 0.12 -0.05
FEF 0.12 0.23* -0.09 0.15 0.14
River basins

PEN 0.09 -0.11 NA -0.05 0.06
KEN 0.19 -0.02 NA -0.05 0.02
AND 0.00 -0.24**  NA 0.17* -0.05
MER 0.34** 0.23** 0.28** -0.06 0.18
CON -0.04 -0.15 -0.23* 0.03 0.01
MOH -0.13 -0.22* NA -0.05 -0.20
SuUsS 0.26** 0.06 0.18 -0.07 0.13
ALL 0.15 -0.04 NA -0.32** 0.19
BEA 0.26** 0.23* NA 0.08 0.25*
MUS  -0.11 -0.15 NA -0.09 -0.22*
OoswW 0.13 -0.14 NA 0.17 -0.14

CRU PET JJA L15PETJJA PWY P JIA PDSI JJA
mm year™* mm year* mm year* mm year? (unitless)
0.26 0.50** 0.13 -0.14 -0.29
0.00 0.27* -0.16 -0.31** -0.20
0.34 0.17 0.54** 0.46™* 0.35
-0.15 0.05 0.15 0.44* 0.08
0.27 0.06 0.20 0.29 0.07
0.01 0.03 0.70** 0.37* 0.19
-0.13 -0.22 0.32** 0.45** 0.09
0.19 0.04 0.66** 0.39** 0.13
-0.03 0.08 0.29** 0.19 -0.10*
0.05 0.17 0.19 0.25* -0.06*
-0.10 -0.13 -0.08 0.44** NA
0.37** 0.42** -0.11 -0.04 -0.32**
-0.12 0.00 -0.08 0.47** 0.18*
-0.17 -0.10 -0.20* 0.38* NA
0.16 0.08 -0.20* 0.32* NA
0.04 0.01 -0.12 0.36™ NA
0.24** 0.08 -0.07 0.04 -0.16*
-0.23* -0.33** 0.07 0.38" 0.06*
0.12 0.02 0.04 0.13 -0.12*

Note. Because PDSI is cumulative, it is not examined as a correlate where our WY splits the main growing season. Watershed abbreviations follow Tables 1
and 2. ** indicates that a correlation is significant at p < 0.05; * indicates correlation is significant at p < 0.10. “NA” indicates analyses that were not con-
ducted at a given location. AET: actual evapotranspiration; DTR: daily temperature ranges; PDSI: Palmer Drought Severity Index; PET: potential evapotrans-
piration; Tmax: average maximum daily temperature; VPD: vapour pressure deficit; WY: water years.
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The observed trends are best interpreted in the context of trends
in the climatic variables hypothesized to limit AET. The primary tem-
perature metric we examined, maximum daily temperature for June-
August, showed little evidence of warming overall (Table SA2), partic-
ularly for the records that start in the early 1940s, an anomalously
warm decade in parts of the northern hemisphere (Bronnimann,
2005). However, DTR for June through August declined significantly
across most studied watersheds, indicating substantial night time
warming during the summer (Table SA2), which generally indicates
higher dewpoints and reduced daytime VPD. Regionally, warming
has been stronger in the winter and shoulder seasons (spring and fall)
than in the summer (Hamburg et al., 2013; Hayhoe et al., 2007), and
reductions in DTR have been observed worldwide (Thorne et al.,
2016). Increases in precipitation have also been seen throughout the
study region, but they are most significant in more northern sites.

Increases in AET have long been a hypothesized consequence of a
warming climate in temperate regions where ET is strongly energy-
limited. On balance, long-term analyses generally find these increases
to some extent. Walter et al. (2004) found a significantly positive area-
weighted AET trend across six large basins in the United States,
though most basins did not show a significant trend individually. Both
nationally and across the northeast, Jung et al. (2013) found that sig-
nificant increases in AET generally outnumbered decreases, and more
specifically in Maine and New Hampshire, Huntington and Billmire
(2014) found increases in ET in 16 out of 22 basins. At a smaller spa-
tial scale in eastern Pennsylvania, a 44-year analysis of a single 7-km?
mixed agricultural-forest watershed also showed a strong increasing
AET trend (Lu et al., 2015), which was attributed mostly to increased
temperatures and a longer growing season. Kramer et al. (2015) found
an increase in AET across most eastern U.S. hydrologic regions, which
they attributed in part to increased transpiration during longer grow-
ing seasons. Some models and global-scale studies have predicted
declines in AET, or smaller gains than would be expected from climate
drivers alone, associated with increased water use efficiency as stoma-
tal conductance is reduced in response to increasing atmospheric CO,
concentrations (Mao et al., 2015; Milly & Dunne, 2016; Szilagyi et al.,
2001). Declines in VPD (Seager et al., 2015) could also explain declin-
ing AET and might be consistent with relatively stable summer maxi-
mum temperatures accompanied by declining DTR (Table SA2).
However, the VPD records we examined show no evidence of such
a decline.

5.2 | Both precipitation and temperature explain
interannual variation

Correlation analysis (Table 3) suggests that both water and energy
availability influence the interannual variation in AET across the water-
sheds we examined. In the small watersheds, there is a geographic pat-
tern in the correlations, with temperature metrics correlating with AET
only in the north, and precipitation metrics strongly correlated with
AET in the south and only sometimes in the north. These patterns
indicate that transient periods of water limitation are more limiting
to annual AET than temperature in the southern watersheds. Temper-
ature correlates significantly and more strongly with AET than does
precipitation only at three watersheds (BB, MER, and BEA). The

apparent greater importance of precipitation than temperature as a
control of AET is unexpected in a region where ET is traditionally con-
sidered to be energy-limited (i.e., precipitation substantially exceeds
PET; Tables 1 and 2; Figure 2). Among the larger river basins, there
is no clear geographic pattern in which correlation is strongest, though
significant correlations with summer precipitation were more preva-
lent and stronger than with summer temperature.

The strength of correlations between seasonal or annual climate
data and annual AET might be limited by the fact that averages at
annual or seasonal scales have limited power to capture variability that
is controlled by processes that operate at daily-to-hourly time scales.
This may be due to non-linear responses of AET to its controlling var-
iables. For example, both in simulation models of ET (Fatichi & Ivanov,
2014) and in analyses of flux-tower data (Zscheischler et al., 2016), the
prevalence of short periods of meteorological conditions favouring
high AET rates within each year better explained annual AET than
did monthly to annual variables of the type we employed, which are
typically available at the scale of large watersheds. These results sug-
gest that higher frequency meteorological data might need to be
incorporated into an analysis like ours to account for the importance
of short time scales where the controls on AET are most evident. Such
an approach may greatly improve our ability to understand the relative
importance of drivers of changes in AET, compared with the season-
ally averaged approaches used in our analyses.

Interestingly, the simple temperature and precipitation metrics
showed the strongest correlations with AET at the WY time scale.
More complicated metrics intended to more closely capture the fac-
tors limiting AET (VPD, PET, and PDSI) showed fewer, if any, signifi-
cant relationships with ET. In fact, VPD and PDSI each showed only
one significant correlation with p < 0.05 among the 19 watersheds
examined (Table 3), roughly the type | error rate expected from ran-
dom chance. We also conducted preliminary analyses on similar
related metrics at a subset of sites, including Standardized Precipita-
tion Evapotranspiration Index, mean pressure at nearest station, and
solar radiation at nearest station, but none of these analyses improved
upon the correlations we found with simple metrics like Pj;a and Tjja
(data not shown).

Analyses of PETwy and PET,;s from two different gridded data
products also showed relatively few significant correlations with
AET. There was also remarkably little improvement in these correla-
tions between the coarse-resolution CRU data set and the finer-
resolution L15 (but see BB and HB3; Table 3). Contrary to what would
be expected in a climate where precipitation greatly exceeds PET on
an annual basis, we found that the interannual variation in PET from

these gridded datasets explains little of the observed variation in AET.

5.3 | Potential confounding factors in our analyses

Our water balance estimate of AET is not a direct measurement and
thus could be influenced by changes in other water budget terms.
Changes in the efficiency of run-off generation can arise with land-
use change or changes in precipitation intensity, which would make
AET appear to change. Similarly, groundwater storage changes are
not accounted for in the water balance. Trends in groundwater levels

are difficult to quantify, and the evidence is mixed in the study region
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(Brutsaert, 2010; Dudley & Hodgkins, 2013; Kramer et al., 2015;
Shanley, Chalmers, Mack, Smith, & Harte, 2016), but on balance
groundwater levels appear to be lowering over the time period we
examined. Nonetheless, the effects of the exclusion of groundwater
estimates on the results of any water balance analysis deserve consid-
eration (Sharma & Walter, 2014). A decline in inputs to groundwater
would reduce the effect of an increasing AET trend on water balance,
so the real trends in AET in the northern river basins might be greater
than those we calculated. Using the Variable Infiltration Capacity
hydrologic model, Parr and Wang (2014) found increasing run-off
ratios, but no AET trend for the Connecticut watershed since 1950.
We also found no AET trend for this basin looking only at water bal-
ance (Table 1).

We considered the possibility that variation in certain ET drivers
could create interannual variation in storage (e.g., greater storage in
a year of above-average precipitation), leading to spurious correla-
tions. However, the results do not support the idea that this effect
drives the trends. For example, we see significant correlations
between summer precipitation and AET across most of our small
watersheds (Table 3). This includes those with WY that end in the fall
(SR, CON), in which the effect might be expected to be the strongest,
and also in WY that end late in the spring (FEF, LR, HB, KEN, and
MUS), a time of year in which it is difficult to imagine that storage is
highly determined by precipitation in the preceding growing season.

Our examination of two different size classes of watersheds lever-
aged their complementary advantages. Continually forested small ref-
erence watersheds offer a high degree of certainty that land cover did
not change over the studied time period and, in some cases, offer very
accurate and complete data sets for both precipitation and run-off.
There is somewhat more hydrologic uncertainty in the large river
basins (e.g., in precipitation interpolations and changes in storage),
and land cover has been subject to change. Over the 20th century,
Yang et al. (2015) show that east-coast agricultural land declined from
18% to 11%, whereas forest cover increased modestly from 67% to
70%, and impervious surface increased from 1% to 3%. There have
also been changes in impoundment, interbasin transfers, and ground-
water use over time. The HCDN watersheds were selected to mini-
mize these effects (Slack & Landwehr, 1992), but such changes
cannot be eliminated with basins this large in a heavily populated
region. On the other hand, large watersheds are more representative
of the region in terms of land cover, elevation, and soil types, than
are the small watersheds we studied. Despite these differences
between the large and small watersheds, we found broadly similar
geographic patterns in long-term AET trends (Figure 3) and in correla-
tions between AET and metrics of energy and water limitation
(Table 3). This provides a greater level of confidence that our conclu-
sions about trends and drivers are not predominantly driven by factors
such as land-cover change or human water use and are also not limited

to small, forested, upland catchments.

5.4 | Vegetation mediation of climate drivers of ET

There are a number of ways in which vegetation can complicate rela-
tionships between climate and ET. In landscapes with high vegetative

cover, the transpiration component of ET dominates (Jasechko et al.,

2013), and variation in ET is driven by plant physiology (i.e., regulation
of gas exchange via stomatal opening and closure) and influenced by
plant functional group differences in productivity, structure, phenol-
ogy, physiological responses to stress, and access to soil water. There-
fore, changes in the atmospheric demand for water may not directly
explain changes in ET, as water balance and hydrologic cycling may
respond to a number of physiological effects as well. Increasing length
of the leaf-on growing season (Dragoni & Rahman, 2012; Richardson
et al., 2009; Schwartz & Reiter, 2000) may increase total annual ET.
On the other hand, climate change scenarios for this region project
more frequent water limitation of forest productivity in spite of mod-
est increases in precipitation, due to less reliable precipitation timing
and greater evaporative demand (Douglas & Fairbank, 2011; Hayhoe
et al., 2008; Pourmokhtarian et al., 2017; Swain & Hayhoe, 2014; Tang
& Beckage, 2010). Recent synthesis efforts indicate that the forests of
humid regions like the Northeastern United States may be more sen-
sitive to drought than previously thought (Choat et al., 2012; Pederson
et al., 2012; Wright, Williams, Starr, McGee, & Mitchell, 2013), which
is supported by our finding of some degree of water limitation of ET in
the southern part of our study region.

Studies of flux tower data and carbon isotope ratios in tree rings
have shown long-term increases in water-use efficiency (WUE; the
ratio carbon assimilation to transpiration; Nobel, 2005) driven largely
by increasing atmospheric CO, (Franks et al.,, 2013; Keenan et al.,
2013). These trends may be reflected in a decline in AET and increase
in river discharge at the global scale (Gedney et al., 2006). However,
other factors influencing forest productivity, including changes in cli-
mate (Hayhoe et al., 2007), nitrogen deposition (Bowen & Valiela,
2001), and long-term species change (Caldwell et al., 2016) may make
it difficult to detect these changes in WUE (Mao et al., 2015). Changes
in acid deposition and recovery therefrom may also directly influence
WUE over time (Thomas, Spal, Smith, & Nippert, 2013). Indeed, at the
regional scale, the lack of a consistent regional decline in AET
(Figure 3) implies that the direct CO, effect is small relative to changes
driven by climate, such as temperature and precipitation, unexamined
climatic drivers such as radiation (Dai et al., 2006; Wild, 2012) and
wind (McVicar et al., 2012; Pryor et al., 2009), and the negative feed-
back between AET and VPD (Huntington, 2008). Furthermore, physi-
ological relationships at the leaf level often do not scale linearly to
the canopy or regional level (Guerrieri, Lepine, Asbjornsen, Xiao, &
Ollinger, 2016; Waullschleger, Gunderson, Hanson, Wilson, & Norby,
2002). To the extent that WUE is increasing, we would expect it to
offset the increases in ET that are hypothesized in a warmer climate
with a longer leaf-on season, particularly in watersheds dominated
by deciduous forests. The direct CO, effect on WUE may therefore
explain some of the decline in AET seen in the more southern water-
sheds (and HB3), but it runs counter to the trend observed in the

north, where ET is increasing.

6 | CONCLUSIONS

We found that 74-year trends in AET, calculated from hydrologic water
balance, varied systematically across a climate gradient in 11 Northeast-

ern U.S. river basins, with increasing AET in the coolest, most energy-
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limited part of the region, and declining AET in the south. Of the four
small watersheds examined with records longer than 45 years, three
had significant trends, two of which fit this regional pattern.
Correlation analysis of AET with climate metrics over all 19 water-
sheds also implied that limitation of ET by summer temperature was
greater in the northern part of the study region, whereas at least tran-
sient limitation by summer precipitation was more prevalent in the
southern part of our study region. Overall, WY AET correlated signif-
icantly with summer precipitation in more than half of the watersheds
examined. This result is surprising because even at the southern sites,
annual precipitation greatly exceeds PET. Understanding how the con-
trols on ET trends vary across the Northeastern United States, where
energy is generally more limiting than moisture, is important for

predicting future changes in water balance as the climate changes.

ACKNOWLEDGMENTS

We thank the agencies and investigators responsible for establishing
and maintaining hydrologic records over many decades. We are grate-
ful to Tom Huntington for constructive comments which improved
this manuscript. This work was supported by the Northeastern States
Research Cooperative through funding made available by the USDA
Forest Service, and by the National Science Foundation Division of
Earth Sciences (EAR-1562019). Partial support also was provided by
the USDA National Institute of Food and Agriculture (Accession
1005765). The conclusions and opinions in this paper are those of
the authors and not of the funding agencies or participating institu-
tions, but do represent the views of the USGS. Any use of trade, firm,
or product names is for descriptive purposes only and does not imply

endorsement by the U.S. Government.

ORCID

Matthew A. Vadeboncoeur
Elizabeth W. Boyer

http://orcid.org/0000-0002-8269-0708
http://orcid.org/0000-0003-4369-4201

REFERENCES

Bailey A. S., Hornbeck J. W., Campbell J. L., Eagar C. 2003. Hydrometeoro-
logical database for hubbard brook experimental forest: 1955-2000.
USDA Forest Service northern Research Station: GTR NE-305.
Available at: http://www.treesearch.fs.fed.us/pubs/5406

Bounoua, L., Hall, F. G., Sellers, P. J., Kumar, A., Collatz, G. J., Tucker, C. J., &
Imhoff, M. L. (2010). Quantifying the negative feedback of vegetation
to greenhouse warming: A modeling approach. Geophysical Research
Letters, 37(23), 1-5. https://doi.org/10.1029/2010GL045338

Bowen, J. L., & Valiela, I. (2001). Historical changes in atmospheric nitrogen
deposition to Cape Cod, Massachusetts, USA. Atmospheric Environment,
35(6), 1039-1051. https://doi.org/10.1016/51352-2310(00)00331-9

Bronaugh D., Werner A. 2013. zyp: Zhang + Yue-Pilon trends. R Package
Version 0.10-11. Available at: http://cran.r-project.org/package=zyp

Bronnimann, S. (2005). The global climate anomaly 1940-1942. Weather,
60(12), 336-342. https://doi.org/10.1256/wea.248.04

Brutsaert, W. (2010). Annual drought flow and groundwater storage trends
in the eastern half of the United States during the past two-third cen-
tury. Theoretical and Applied Climatology, 100, 93-103. https://doi.org/
10.1007/s00704-009-0180-3

Budyko, M. I. (1974). Climate and life. New York: Academic Press.

Caldwell, P. V., Miniat, C. F., Elliott, K. J., Swank, W. T., Brantley, S. T., &
Laseter, S. H. (2016). Declining water yield from forested mountain
watersheds in response to climate change and forest mesophication.

Global Change Biology, 22(9), 2997-3012. https://doi.org/10.1111/
gcb.13309

Campbell, J. L., Driscoll, C. T., Pourmokhtarian, A., & Hayhoe, K. (2011).
Streamflow responses to past and projected future changes in climate
at the Hubbard Brook Experimental Forest, New Hampshire, United
States. Water Resources Research, 47(2), W02514. https://doi.org/
10.1029/2010WR009438

Choat, B., Jansen, S., Brodribb, T. J., Cochard, H., Delzon, S., Bhaskar, R., ...
Zanne, A. E. (2012). Global convergence in the vulnerability of forests
to drought. Nature, 491(7426), 752-755. https://doi.org/10.1038/
nature11688

Cleland, E. E., Chuine, I., Menzel, A., Mooney, H. A., & Schwartz, M. D.
(2007). Shifting plant phenology in response to global change. Trends
in Ecology & Evolution, 22(7), 357-365. https://doi.org/10.1016/j.
tree.2007.04.003

Collins, M. J.(2009). Evidence for changing flood risk in New England since the
late 20th century. Journal of the American Water Resources Association,
45(2),279-290. https://doi.org/10.1111/j.1752-1688.2008.00277.x

Cook, E. R., & Jacoby, G. C. (1977). Tree-ring-drought relationships in the
Hudson Valley, New York. Science, 198(4315), 399-401.

R Core Team. 2017. R: A language and environment for statistical comput-
ing. http://www.R-project.org

Dai, A., Karl, T. R,, Sun, B., & Trenberth, K. E. (2006). Recent trends in
cloudiness over the United States: A tale of monitoring inadequacies.
Bulletin of the American Meteorological Society, 87(5), 597-606.
https://doi.org/10.1175/BAMS-87-5-597

Daly, C., Halbleib, M., Smith, J. I., Gibson, W. P., Doggett, M. K., Taylor, G. H.,
... Pasteris, P. P. (2008). Physiographically sensitive mapping of climato-
logical temperature and precipitation across the conterminous United
States. International Journal of Climatology, 28(15), 2031-2064.
https://doi.org/10.1002/joc.1688

Di Luzio, M., Johnson, G. L., Daly, C., Eischeid, J. K., & Arnold, J. G. (2008).
Constructing retrospective gridded daily precipitation and temperature
datasets for the conterminous United States. Journal of Applied Meteo-
rology and Climatology, 47(2), 475-497. https://doi.org/10.1175/
2007JAMC1356.1

Donohue, R. J., McVicar, T. R., & Roderick, M. L. (2010). Assessing the abil-
ity of potential evaporation formulations to capture the dynamics in
evaporative demand within a changing climate. Journal of Hydrology,
386(1-4), 186-197. https://doi.org/10.1016/j.jhydrol.2010.03.020

Douglas, E. M., & Fairbank, C. A. (2011). Is precipitation in northern New
England becoming more extreme? Statistical analysis of extreme rainfall
in Massachusetts, New Hampshire, and Maine and updated estimates of
the 100-year storm. Journal of Hydrologic Engineering, 16(3), 203-217.
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000303

Dragoni, D., & Rahman, A. F. (2012). Trends in fall phenology across the
deciduous forests of the Eastern USA. Agricultural and Forest Meteorol-
ogy, 157, 96-105. https://doi.org/10.1016/j.agrformet.2012.01.019

Dragoni, D., Schmid, H. P., Wayson, C. A,, Potter, H., Grimmond, C. S. B., &
Randolph, J. C. (2011). Evidence of increased net ecosystem productiv-
ity associated with a longer vegetated season in a deciduous forest in
south-central Indiana, USA. Global Change Biology, 17(2), 886-897.
https://doi.org/10.1111/j.1365-2486.2010.02281.x

Dudley, R. W., & Hodgkins, G. A. (2013). Historical groundwater trends in
northern New England and relations with streamflow and climatic var-
iables. Journal of the American Water Resources Association, 49(5),
1198-1212. https://doi.org/10.1111/jawr.12080

Durre, I., & Wallace, J. M. (2001). The warm season dip in diurnal temperature
range over the eastern United States. Journal of Climate, 14(3), 354-360.
https://doi.org/10.1175/1520-0442(2001)014<0354:TWSDID>2.0.
CO;2

Falcone, J. A, Carlisle, D. M., Wolock, D. M., & Meador, M. R. (2010).
GAGES: A stream gage database for evaluating natural and altered flow

conditions in the conterminous United States. Ecology, 91(2), 621.
https://doi.org/10.1890/09-0889.1


http://orcid.org/0000-0002-8269-0708
http://orcid.org/0000-0003-4369-4201
http://www.treesearch.fs.fed.us/pubs/5406
https://doi.org/10.1029/2010GL045338
https://doi.org/10.1016/S1352-2310(00)00331-9
http://cran.r-project.org/package=zyp
https://doi.org/10.1256/wea.248.04
https://doi.org/10.1007/s00704-009-0180-3
https://doi.org/10.1007/s00704-009-0180-3
https://doi.org/10.1111/gcb.13309
https://doi.org/10.1111/gcb.13309
https://doi.org/10.1029/2010WR009438
https://doi.org/10.1029/2010WR009438
https://doi.org/10.1038/nature11688
https://doi.org/10.1038/nature11688
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.1111/j.1752-1688.2008.00277.x
http://www.R-project.org
https://doi.org/10.1175/BAMS-87-5-597
https://doi.org/10.1002/joc.1688
https://doi.org/10.1175/2007JAMC1356.1
https://doi.org/10.1175/2007JAMC1356.1
https://doi.org/10.1016/j.jhydrol.2010.03.020
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000303
https://doi.org/10.1016/j.agrformet.2012.01.019
https://doi.org/10.1111/j.1365-2486.2010.02281.x
https://doi.org/10.1111/jawr.12080
https://doi.org/10.1175/1520-0442(2001)014%3c0354:TWSDID%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3c0354:TWSDID%3e2.0.CO;2
https://doi.org/10.1890/09-0889.1

VADEBONCOEUR ET AL.

38 | \WiLEY

Fatichi, S., & Ivanov, V. Y. (2014). Interannual variability of evapotranspira-
tion and vegetation productivity. Water Resources Research, 50(4),
3275-3294. https://doi.org/10.1002/2013WR015044

Federer, C. A., Vorosmarty, C., & Fekete, B. (1998). Intercomparison of
methods for calculating potential evaporation in regional and global
water balance model. Water Resources Research, 32(7), 2315-2321.
https://doi.org/10.1029/96WR00801

Fernandez, I. J., Adams, M. B., SanClements, M. D., & Norton, S. A. (2010).
Comparing decadal responses of whole-watershed manipulations at
the Bear Brook and Fernow experiments. Environmental Monitoring and
Assessment, 171(1-4), 149-161. https://doi.org/10.1007/s10661-
010-1524-2

Franks, P. J., Adams, M. A., Amthor, J. S., Barbour, M. M., Berry, J. A,
Ellsworth, D. S., ... Von Caemmerer, S. (2013). Sensitivity of plants to
changing atmospheric CO, concentration: From the geological past to
the next century. The New Phytologist, 197(4), 1077-1094. https://
doi.org/10.1111/nph.12104

Gedney, N., Cox, P. M., Betts, R. A., Boucher, O., Huntingford, C., & Stott, P.
A. (2006). Detection of a direct carbon dioxide effect in continental
river runoff records. Nature, 439(7078), 835-838. https://doi.org/
10.1038/nature04504

Green, M. B., Bailey, A. S., Bailey, S. W., Battles, J. J., Campbell, J. L,
Driscoll, C. T,, ... Schaberg, P. G. (2013). Decreased water flowing from
a forest amended with calcium silicate. Proceedings of the National
Academy of Sciences of the United States of America, 110(15),
5999-6003. https://doi.org/10.1073/pnas.1302445110

Guerrieri,R., Lepine, L., Asbjornsen, H., Xiao, J., & Ollinger, S. V.(2016). Evapo-
transpiration and water use efficiency in relation to climate and canopy
nitrogen in U.S. forests. Journal of Geophysical Research: Biogeosciences,
121(10), 2610-2629. https://doi.org/10.1002/2016JG003415

Hamburg, S. P., Vadeboncoeur, M. A., Richardson, A. D., & Bailey, A. S.
(2013). Climate change at the ecosystem scale: A 50-year record in
New Hampshire. Climatic Change, 116(3-4), 457-477. https://doi.
org/10.1007/s10584-012-0517-2

Hamon, W. (1963). Computation of direct runoff amount from strom rain-
fall. International Association of Hydrologic Sciences, 63, 52-62.

Harris, 1., Jones, P. D., Osborn, T. J., & Lister, D. H. (2014). Updated high-
resolution grids of monthly climatic observations—The CRU TS3.10
dataset. International Journal of Climatology, 34, 623-642. https://doi.
org/10.1002/joc.3711

Hayhoe, K., Wake, C., Anderson, B., Liang, X.-Z., Maurer, E., Zhu, J., ...
Wouebbles, D. (2008). Regional climate change projections for the
Northeast USA. Mitigation and Adaptation Strategies for Global Change,
13(5-6), 425-436. https://doi.org/10.1007/s11027-007-9133-2

Hayhoe, K., Wake, C. P, Huntington, T. G., Luo, L., Schwartz, M. D,
Sheffield, J., ... Wolfe, D. (2007). Past and future changes in climate
and hydrological indicators in the US northeast. Climate Dynamics,
28(4), 381-407. https://doi.org/10.1007/s00382-006-0187-8

Van Heerwaarden, C. C., Vila-Guerau De Arellano, J., & Teuling, A. J.
(2010). Land-atmosphere coupling explains the link between pan evap-
oration and actual evapotranspiration trends in a changing climate.
Geophysical Research Letters, 37(21), 1-5. https://doi.org/10.1029/
2010GL045374

Helsel D. R., Hirsch R. M. 2002. Statistical methods in water resources. U.S.
Geological Survey Techniques of Water-Resources Investigations,
Book 4, Chap. A3. Available at: http://pubs.usgs.gov/twri/twri4a3/

Hobbins, M. T., Ramirez, J. A., & Brown, T. C. (2004). Trends in pan evap-
oration and actual evapotranspiration across the conterminous U.S.:
Paradoxical or complementary? Geophysical Research Letters, 31(13),
L13503. https://doi.org/10.1029/2004GL019846

Hodgkins G. A., Dudley R. W. 2005. Changes in the magnitude of annual and
monthly streamflows in New England, 1902-2002. U.S. Geological Sur-
vey Scientific Investigations Report 2005-5135. Reston, VA. Available
at: http://pubs.usgs.gov/sir/2005/5135/pdf/sir2005-5135.pdf

Homer, C. G., Dewitz, J. A, Yang, L., Jin, S., Danielson, P.,, Xian, G, ...
Megown, K. (2015). Completion of the 2011 National Land Cover

Database for the conterminous United States—Representing a
decade of land cover change information. Photogrammetric Engineering
and Remote Sensing, 81(5), 345-354. https://doi.org/10.14358/
PERS.81.5.345

Hornbeck, J. W., Adams, M. B., Corbett, E. S., Verry, E. S., & Lynch, J. A.
(1993). Long-term impacts of forest treatments on water yield: A sum-
mary for northeastern USA. Journal of Hydrology, 150(2-4), 323-344.
https://doi.org/10.1016/0022-1694(93)90115-P

Huntington, T. G. (2004). Climate change, growing season length, and tran-
spiration: Plant response could alter hydrologic regime. Plant Biology,
6(6), 651-653. https://doi.org/10.1055/s-2004-830353

Huntington, T. G. (2006). Evidence for intensification of the global water
cycle: Review and synthesis. Journal of Hydrology, 319(1-4), 83-95.
https://doi.org/10.1016/j.jhydrol.2005.07.003

Huntington, T. G. (2008). CO,-induced suppression of transpiration cannot
explain increasing runoff. Hydrological Processes, 22(2), 311-314.
https://doi.org/10.1002/hyp.6925

Huntington, T. G., & Billmire, M. (2014). Trends in precipitation, runoff, and
evapotranspiration for rivers draining to the Gulf of Maine in the
United States. Journal of Hydrometeorology, 15(2), 726-743. https://
doi.org/10.1175/JHM-D-13-018.1

Huntington, T. G., Richardson, A. D., McGuire, K. J., & Hayhoe, K. (2009).
Climate and hydrological changes in the northeastern United States:
Recent trends and implications for forested and aquatic ecosystems.
Canadian Journal of Forest Research, 39(2), 199-212. https://doi.org/
10.1139/X08-116

lacono M. J. 2009. Why is the wind speed decreasing? Blue Hill
Meterological Observatory, Milton, MA. Available at: http://www.
bluehill.org/climate/200909_Wind_Speed.pdf

Jasechko, S., Sharp, Z. D., Gibson, J. J., Birks, S. J., Yi, Y., & Fawcett, P. J.
(2013). Terrestrial water fluxes dominated by transpiration. Nature,
496(7445), 347-350. https://doi.org/10.1038/nature11983

Jones, J. A, Creed, I. F., Hatcher, K. L., Warren, R. J., Adams, M. B,
Benson, M. H.,, ... Williams, M. W. (2012). Ecosystem processes and
human influences regulate streamflow response to climate change at
Long-Term Ecological Research sites. Bioscience, 62(4), 390-404.
https://doi.org/10.1525/bi0.2012.62.4.10

Jung, I. W.,, Chang, H., & Risley, J. (2013). Effects of runoff sensitivity and
catchment characteristics on regional actual evapotranspiration trends
in the conterminous US. Environmental Research Letters, 8(4), 044002.
https://doi.org/10.1088/1748-9326/8/4/044002

Jung, M., Reichstein, M., Ciais, P, Seneviratne, S. I, Sheffield, J.,
Goulden, M. L,, ... Zhang, K. (2010). Recent decline in the global land
evapotranspiration trend due to limited moisture supply. Nature,
467(7318), 951-954. https://doi.org/10.1038/nature09396

Keenan, T. F., Gray, J., Friedl, M. A,, Toomey, M., Bohrer, G., Hollinger, D. Y.,
... Yang, B. (2014). Net carbon uptake has increased through warming-
induced changes in temperate forest phenology. Nature Climate Change,
4(7), 598-604. https://doi.org/10.1038/nclimate2253

Keenan, T. F., Hollinger, D. Y., Bohrer, G., Dragoni, D., Munger, J. W.,
Schmid, H. P, & Richardson, A. D. (2013). Increase in forest water-
use efficiency as atmospheric carbon dioxide concentrations rise.
Nature, 499, 324-327. https://doi.org/10.1038/nature12291

Keim, B. D., Fischer, M. R., & Wilson, A. M. (2005). Are there spurious pre-
cipitation trends in the United States Climate Division database?
Geophysical Research Letters, 32(4), 1-3. https://doi.org/10.1029/
2004GL021985

Kirschbaum, M. U. F. (2004). Direct and indirect climate change effects on
photosynthesis and transpiration. Plant Biology, 6(3), 242-253. https://
doi.org/10.1055/s-2004-820883

Kramer, R., Bounoua, L., Zhang, P., Wolfe, R., Huntington, T., Imhoff, M., ...
Noyce, G. (2015). Evapotranspiration trends over the eastern United
States during the 20th Century. Hydrology, 2(2), 93-111. https://doi.
org/10.3390/hydrology2020093

Kunkel, K. E., Karl, T. R., Easterling, D. R., Redmond, K., Young, J., Yin, X., &
Hennon, P. (2013). Probable maximum precipitation and climate


https://doi.org/10.1002/2013WR015044
https://doi.org/10.1029/96WR00801
https://doi.org/10.1007/s10661-010-1524-2
https://doi.org/10.1007/s10661-010-1524-2
https://doi.org/10.1111/nph.12104
https://doi.org/10.1111/nph.12104
https://doi.org/10.1038/nature04504
https://doi.org/10.1038/nature04504
https://doi.org/10.1073/pnas.1302445110
https://doi.org/10.1002/2016JG003415
https://doi.org/10.1007/s10584-012-0517-2
https://doi.org/10.1007/s10584-012-0517-2
https://doi.org/10.1002/joc.3711
https://doi.org/10.1002/joc.3711
https://doi.org/10.1007/s11027-007-9133-2
https://doi.org/10.1007/s00382-006-0187-8
https://doi.org/10.1029/2010GL045374
https://doi.org/10.1029/2010GL045374
http://pubs.usgs.gov/twri/twri4a3/
https://doi.org/10.1029/2004GL019846
http://pubs.usgs.gov/sir/2005/5135/pdf/sir2005-5135.pdf
https://doi.org/10.14358/PERS.81.5.345
https://doi.org/10.14358/PERS.81.5.345
https://doi.org/10.1016/0022-1694(93)90115-P
https://doi.org/10.1055/s-2004-830353
https://doi.org/10.1016/j.jhydrol.2005.07.003
https://doi.org/10.1002/hyp.6925
https://doi.org/10.1175/JHM-D-13-018.1
https://doi.org/10.1175/JHM-D-13-018.1
https://doi.org/10.1139/X08-116
https://doi.org/10.1139/X08-116
http://www.bluehill.org/climate/200909_Wind_Speed.pdf
http://www.bluehill.org/climate/200909_Wind_Speed.pdf
https://doi.org/10.1038/nature11983
https://doi.org/10.1525/bio.2012.62.4.10
https://doi.org/10.1088/1748-9326/8/4/044002
https://doi.org/10.1038/nature09396
https://doi.org/10.1038/nclimate2253
https://doi.org/10.1038/nature12291
https://doi.org/10.1029/2004GL021985
https://doi.org/10.1029/2004GL021985
https://doi.org/10.1055/s-2004-820883
https://doi.org/10.1055/s-2004-820883
https://doi.org/10.3390/hydrology2020093
https://doi.org/10.3390/hydrology2020093

VADEBONCOEUR ET AL.

WILEY—2

change. Geophysical Research Letters, 40(7), 1402-1408. https://doi.
org/10.1002/grl.50334

Lauritsen, R. G., & Rogers, J. C. (2012). U.S. Diurnal temperature range var-
iability and regional causal mechanisms, 1901-2002. Journal of Climate,
25(20), 7216-7231. https://doi.org/10.1175/JCLI-D-11-00429.1

Lawrimore, J. H., & Peterson, T. C. (2000). Pan evaporation trends in dry
and humid regions of the United States. Journal of Hydrometeorology,
1(6), 543-546. https://doi.org/10.1175/1525-7541(2000)001<0543:
PETIDA>2.0.CO;2

Liang, X., Lettenmaier, D. P., Wood, E. F., & Burges, S. J. (1994). A simple
hydrologically based model of land surface water and energy fluxes
for general circulation models. Journal of Geophysical Research,
99(D7), 14415. https://doi.org/10.1029/94JD00483

Likens, G. E. (2013). Biogeochemistry of a forested ecosystem. New York:
Springer.

Livneh, B., Bohn, T. J., Pierce, D. W., Munoz-Arriola, F., Nijssen, B., Vose, R.,
... Brekke, L. (2015). A spatially comprehensive, hydrometeorological
data set for Mexico, the U.S., and Southern Canada 1950-2013. Scien-
tific Data, 5, 150042. https://doi.org/10.1038/sdata.2015.42

Livneh, B., Rosenberg, E. A,, Lin, C., Nijssen, B., Mishra, V., Andreadis, K. M.,
... Lettenmaier, D. P. (2013). A long-term hydrologically based dataset
of land surface fluxes and states for the conterminous United States:
Update and extensions. Journal of Climate, 26(23), 9384-9392.
https://doi.org/10.1175/JCLI-D-12-00508.1

Lu, H., Bryant, R. B., Buda, A. R., Collick, A. S., Folmar, G. J., & Kleinman, P. J. A.
(2015). Long-term trends in climate and hydrology in an agricultural,
headwater watershed of central Pennsylvania, USA. Journal of
Hydrology: Regional Studies, 4, 713-731. https://doi.org/10.1016/j.
ejrh.2015.10.004

Mao, J., Fu, W., Shi, X., Ricciuto, D. M., Fisher, J. B., Dickinson, R. E,, ... Zhu, Z.
(2015). Disentangling climatic and anthropogenic controls on global
terrestrial evapotranspiration trends. Environmental Research Letters,
10(9), 94008. https://doi.org/10.1088/1748-9326/10/9/094008

McCabe, G. J., & Wolock, D. M. (2002). A step increase in streamflow in
the conterminous United States. Geophysical Research Letters, 29(24),
2185-38-4. https://doi.org/10.1029/2002GL015999

McLeod A. I. (2011). Kendall: Kendall rank correlation and Mann-Kendall
trend test. R Package Version 2.2. Available at: https://cran.r-project.
org/package=Kendall

McVicar, T. R., Roderick, M. L., Donohue, R. J., Li, L. T., Van Niel, T. G.,
Thomas, A,, ... Mescherskaya, A. V. (2012). Global review and synthesis
of trends in observed terrestrial near-surface wind speeds: Implications
for evaporation. Journal of Hydrology, 416-417, 182-205. https://doi.
org/10.1016/j.jhydrol.2011.10.024

Meinzer, F. C., Woodruff, D. R., Eissenstat, D. M,, Lin, H. S., Adams, T. S., &
McCulloh, K. A. (2013). Above- and belowground controls on water use
by trees of different wood types in an eastern US deciduous forest.
Tree Physiology, 33(4), 345-356. https://doi.org/10.1093/treephys/
tpt012

Milly, P. C. D., & Dunne, K. A. (2016). Potential evapotranspiration and con-
tinental drying. Nature Climate Change (June) DOI: https://doi.org/
10.1038/NCLIMATE3046, 6, 946-949.

Namias, J. (1966). Nature and possible causes of the northeastern United
States drought during 1962-65. Monthly Weather Review, 94(9),
543-554. https://doi.org/10.1175/1520-0493(1966)094<0543:
NAPCOT>2.3.CO;2

NOAA National Centers for Environmental Information. (2017). Climate ata
Glance: U.S. Time Series. Available at: http://www.ncdc.noaa.gov/cag/

Nobel, P. S. (2005). Physicochemical and environmental plant physiology.
New York: Academic Press.

Parr, D., & Wang, G. (2014). Hydrological changes in the U.S. Northeast
using the Connecticut River Basin as a case study: Part 1. Modeling
and analysis of the past. Global and Planetary Change, 122, 208-222.
https://doi.org/10.1016/j.gloplacha.2014.08.009

Paulson, R. W., Chase, E. B., Roberts, R. S., & Moody, D. W. (1991).
National water summary 1988-89: Hydrologic events and floods and
droughts U.S. Geological Survey Water-Supply Paper, 2375. Available
at: https://pubs.er.usgs.gov/publication/wsp2375

Pederson, N., Tackett, K., McEwan, R. W., Clark, S., Cooper, A, Brosi, G., ...
Stockwell, R. D. (2012). Long-term drought sensitivity of trees in
second-growth forests in a humid region. Canadian Journal of Forest
Research, 42(10), 1837-1850. https://doi.org/10.1139/x2012-130

Penman, H. L. (1948). Natural evaporation from open water, bare soil and
grass. Proceedings of the Royal Society of London, Series a, 193(1032),
120-145. https://doi.org/10.1098/rspa.1948.0037

Pourmokhtarian, A., Driscoll, C. T., Campbell, J. L., Hayhoe, K., Stoner, A. M. K.,
Adams, M. B., ... Shanley, J. B. (2017). Modeled ecohydrological
responses to climate change at seven small watersheds in the North-
eastern United States. Global Change Biology, 23(2), 840-856. https://
doi.org/10.1111/gcb.13444

Pryor, S. C., Barthelmie, R. J., Young, D. T., Takle, E. S., Arritt, R. W., Flory,
D., ... Roads, J. (2009). Wind speed trends over the contiguous United
States. Journal of Geophysical Research, 114(D14), D14105. https://doi.
org/10.1029/2008JD011416

Richardson, A. D., Hollinger, D. Y., Dail, D. B., Lee, J. T., Munger, J. W., &
O'Keefe, J. (2009). Influence of spring phenology on seasonal and
annual carbon balance in two contrasting New England forests. Tree
Physiology, 29(3), 321-331. https://doi.org/10.1093/treephys/tpn040

Roderick, M. L., Hobbins, M. T., & Farquhar, G. D. (2009). Pan evaporation
trends and the terrestrial water balance. . Principles and observations.
Geography Compass, 3(2), 746-760. https://doi.org/10.1111/j.1749-
8198.2008.00213.x

Schwartz, M. D., & Reiter, B. E. (2000). Changes in North American Spring.
International Journal of Climatology, 20, 929-932. https://doi.org/
10.1002/1097-0088(20000630)20:8<929::AlD-JOC557>3.0.CO;2-5

Seager, R., Hooks, A., Williams, A. P., Cook, B., Nakamura, J., & Henderson, N.
(2015). Climatology, variability, and trends in the U.S. Vapor pressure
deficit, an important fire-related meteorological quantity. Journal of
Applied Meteorology and Climatology, 54(6), 1121-1141. https://doi.
org/10.1175/JAMC-D-14-0321.1

Sen, P. K. (1968). Estimates of the regression coefficient based on Kendall's
Tau. Journal of the American Statistical Association, 63(324),
1379-1389. https://doi.org/10.2307/2285891

Senay, G. B., Leake, S., Nagler, P. L., Artan, G., Dickinson, J., Cordova, J. T.,
& Glenn, E. P. (2011). Estimating basin scale evapotranspiration (ET) by
water balance and remote sensing methods. Hydrological Processes,
25(26), 4037-4049. https://doi.org/10.1002/hyp.8379

Shanley, J. B., Chalmers, A. T., Mack, T. J., Smith, T. E., & Harte, P. T. (2016).
Groundwater level trends and drivers in two northern New England
glacial aquifers. JAWRA Journal of the American Water Resources Associ-
ation, 52(5), 1012-1030. https://doi.org/10.1111/1752-1688.12432

Sharma, A. N., & Walter, M. T. (2014). Estimating long-term changes in actual
evapotranspiration and water storage using a one-parameter model.
Journal of Hydrology, 519, 2312-2317. https://doi.org/10.1016/j.
jhydrol.2014.10.014

Slack J. R., Landwehr J. M. (1992). HCDN: A U.S. Geological Survey
streamflow data set for the United States for the study of climate var-
iations, 1874-1988. Available at: http://pubs.usgs.gov/of/1992/0fr92-
129/

Swain, S., & Hayhoe, K. (2014). CMIP5 projected changes in spring and
summer drought and wet conditions over North America. Climate
Dynamics, 44(9-10), 2737-2750. https://doi.org/10.1007/s00382-
014-2255-9

Szép, I. J., Mika, J., & Dunkel, Z. (2005). Palmer drought severity index as
soil moisture indicator: Physical interpretation, statistical behaviour
and relation to global climate. Physics and Chemistry of the Earth, Parts
a/B/C, 30(1-3), 231-243. https://doi.org/10.1016/j.pce.2004.08.039

Szilagyi, J., Katul, G. G., & Parlange, M. B. (2001). Evapotranspiration inten-
sifies over the conterminous United States. Journal of Water Resources


https://doi.org/10.1002/grl.50334
https://doi.org/10.1002/grl.50334
https://doi.org/10.1175/JCLI-D-11-00429.1
https://doi.org/10.1175/1525-7541(2000)001%3c0543:PETIDA%3e2.0.CO;2
https://doi.org/10.1175/1525-7541(2000)001%3c0543:PETIDA%3e2.0.CO;2
https://doi.org/10.1029/94JD00483
https://doi.org/10.1038/sdata.2015.42
https://doi.org/10.1175/JCLI-D-12-00508.1
https://doi.org/10.1016/j.ejrh.2015.10.004
https://doi.org/10.1016/j.ejrh.2015.10.004
https://doi.org/10.1088/1748-9326/10/9/094008
https://doi.org/10.1029/2002GL015999
https://cran.r-project.org/package=Kendall
https://cran.r-project.org/package=Kendall
https://doi.org/10.1016/j.jhydrol.2011.10.024
https://doi.org/10.1016/j.jhydrol.2011.10.024
https://doi.org/10.1093/treephys/tpt012
https://doi.org/10.1093/treephys/tpt012
https://doi.org/10.1038/NCLIMATE3046
https://doi.org/10.1038/NCLIMATE3046
https://doi.org/10.1175/1520-0493(1966)094%3c0543:NAPCOT%3e2.3.CO;2
https://doi.org/10.1175/1520-0493(1966)094%3c0543:NAPCOT%3e2.3.CO;2
http://www.ncdc.noaa.gov/cag/
https://doi.org/10.1016/j.gloplacha.2014.08.009
https://pubs.er.usgs.gov/publication/wsp2375
https://doi.org/10.1139/x2012-130
https://doi.org/10.1098/rspa.1948.0037
https://doi.org/10.1111/gcb.13444
https://doi.org/10.1111/gcb.13444
https://doi.org/10.1029/2008JD011416
https://doi.org/10.1029/2008JD011416
https://doi.org/10.1093/treephys/tpn040
https://doi.org/10.1111/j.1749-8198.2008.00213.x
https://doi.org/10.1111/j.1749-8198.2008.00213.x
https://doi.org/10.1002/1097-0088(20000630)20:8%3c929::AID-JOC557%3e3.0.CO;2-5
https://doi.org/10.1002/1097-0088(20000630)20:8%3c929::AID-JOC557%3e3.0.CO;2-5
https://doi.org/10.1175/JAMC-D-14-0321.1
https://doi.org/10.1175/JAMC-D-14-0321.1
https://doi.org/10.2307/2285891
https://doi.org/10.1002/hyp.8379
https://doi.org/10.1111/1752-1688.12432
https://doi.org/10.1016/j.jhydrol.2014.10.014
https://doi.org/10.1016/j.jhydrol.2014.10.014
http://pubs.usgs.gov/of/1992/ofr92-129/
http://pubs.usgs.gov/of/1992/ofr92-129/
https://doi.org/10.1007/s00382-014-2255-9
https://doi.org/10.1007/s00382-014-2255-9
https://doi.org/10.1016/j.pce.2004.08.039

30 | \WiLEY

VADEBONCOEUR ET AL.

Planning and Management, 127(6), 354-362. https://doi.org/10.1061/
(ASCE)0733-9496(2001)127:6(354)

Tang, G., & Beckage, B. (2010). Projecting the distribution of forests in
New England in response to climate change. Diversity and Distributions,
16(1), 144-158. https://doi.org/10.1111/j.1472-4642.2009.00628.x

Teuling, A. J., Hirschi, M., Ohmura, A., Wild, M., Reichstein, M., Ciais, P, ...
Seneviratne, S. I. (2009). A regional perspective on trends in continen-
tal evaporation. Geophysical Research Letters, 36(2), L02404. https://
doi.org/10.1029/2008GL036584

Thomas, R. B., Spal, S. E., Smith, K. R., & Nippert, J. B. (2013). Evidence of
recovery of Juniperus virginiana trees from sulfur pollution after the
Clean Air Act. Proceedings of the National Academy of Sciences of the
United States of America, 110(38), 15319-15324. https://doi.org/
10.1073/pnas.1308115110

Thorne, P. W., Donat, M. G., Dunn, R. J. H., Williams, C. N., Alexander, L. V.,
Caesar, J., ... Rennie, J. J. (2016). Reassessing changes in diurnal tem-
perature range: Intercomparison and evaluation of existing global
data set estimates. Journal of Geophysical Research: Atmospheres,
121(10), 5138-5158. https://doi.org/10.1002/2015JD024584

Trombulak, S. C., & Wolfson, R. (2004). Twentieth-century climate change
in New England and New York, USA. Geophysical Research Letters, 31,
L19202. https://doi.org/10.1029/2004GL020574

Ukkola, A. M., & Prentice, I. C. (2013). A worldwide analysis of trends in
water-balance evapotranspiration. Hydrology and Earth System Sciences,
17(10), 4177-4187. https://doi.org/10.5194/hess-17-4177-2013

Vicente-Serrano, S. M., Begueria, S., & Lépez-Moreno, J. I. (2010). A
multiscalar drought index sensitive to global warming: The Standardized
Precipitation Evapotranspiration Index. Journal of Climate, 23(7),
1696-1718. https://doi.org/10.1175/2009JCLI2909.1

Walter, M. T., Wilks, D. S., Parlange, J.-Y., & Schneider, R. L. (2004).
Increasing evapotranspiration from the conterminous United States.
Journal of Hydrometeorology, 5(3), 405-408. https://doi.org/10.1175/
1525-7541(2004)005<0405:IEFTCU>2.0.CO;2

Wang, X., Burns, D. A,, Yanai, R. D., Briggs, R. D., & Germain, R. H. (2006).
Changes in stream chemistry and nutrient export following a partial
harvest in the Catskill Mountains, New York, USA. Forest Ecology and
Management, 223(1-3), 103-112. https://doi.org/10.1016/j.foreco.
2005.10.060

Wild, M. (2012). Enlightening global dimming and brightening. Bulletin of
the American Meteorological Society, 93(1), 27-37. https://doi.org/
10.1175/BAMS-D-11-00074.1

Willett, V. B., Reynolds, B. A., Stevens, P. A., Ormerod, S. J., & Jones, D. L.
(2000). Dissolved organic nitrogen regulation in freshwaters. Journal of
Environmental Quality, 33(1), 201-209. https://doi.org/10.2134/
jeq2004.2010

Wright, J. K., Williams, M., Starr, G., McGee, J., & Mitchell, R. J. (2013).
Measured and modelled leaf and stand-scale productivity across a soil

moisture gradient and a severe drought. Plant, Cell and Environment,
36(2), 467-483. https://doi.org/10.1111/j.1365-3040.2012.02590.x

Waullschleger, S. D., Gunderson, C. A., Hanson, P. J., Wilson, K. B., & Norby,
R. J. (2002). Sensitivity and canopy conductance to interacting elevated
CO,, concentration variables and of scale perspectives. New Phytologist,
153(3), 485-496. https://doi.org/10.1046/j.0028-646X.2001.00333.x

Yang, Q., Tian, H., Friedrichs, M. A. M,, Liu, M., Li, X., & Yang, J. (2015).
Hydrological responses to climate and land-use changes along the
North American East Coast: A 110-year historical reconstruction. Jour-
nal of the American Water Resources Association, 51(1), 47-67. https://
doi.org/10.1111/jawr.12232

Yao, Y., Liang, S., Qin, Q., Wang, K., Liu, S., & Zhao, S. (2012). Satellite
detection of increases in global land surface evapotranspiration during
1984-2007. International Journal of Digital Earth, 5(4), 299-318.
https://doi.org/10.1080/17538947.2011.598953

Zeng, Z., Piao, S., Lin, X,, Yin, G,, Peng, S., Ciais, P., & Myneni, R. B. (2012).
Global evapotranspiration over the past three decades: Estimation
based on the water balance equation combined with empirical models.
Environmental Research Letters, 7, 014026. https://doi.org/10.1088/
1748-9326/7/1/014026

Zhang, Y., Pefa-Arancibia, J. L., McVicar, T. R,, Chiew, F. H. S, Vaze, J.,
Liu, C., ... Miralles, D. G. (2016). Multi-decadal trends in global terres-
trial evapotranspiration and its components. Scientific Reports, 6,
19124. https://doi.org/10.1038/srep19124

Zscheischler, J., Fatichi, S., Wolf, S., Blanken, P. D., Bohrer, G., Clark, K., ...
Seneviratne, S. I. (2016). Short-term favorable weather conditions are
an important control of interannual variability in carbon and water
fluxes. Journal of Geophysical Research: Biogeosciences, 121(8),
2186-2198. https://doi.org/10.1002/2016JG003503

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Vadeboncoeur MA, Green MB,
Asbjornsen H, et al. Systematic variation in evapotranspiration
trends and drivers across the Northeastern United States.
Hydrological Processes. 2018;32:3547-3560. https://doi.org/
10.1002/hyp.13278


https://doi.org/10.1061/(ASCE)0733-9496(2001)127:6(354)
https://doi.org/10.1061/(ASCE)0733-9496(2001)127:6(354)
https://doi.org/10.1111/j.1472-4642.2009.00628.x
https://doi.org/10.1029/2008GL036584
https://doi.org/10.1029/2008GL036584
https://doi.org/10.1073/pnas.1308115110
https://doi.org/10.1073/pnas.1308115110
https://doi.org/10.1002/2015JD024584
https://doi.org/10.1029/2004GL020574
https://doi.org/10.5194/hess-17-4177-2013
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1175/1525-7541(2004)005%3c0405:IEFTCU%3e2.0.CO;2
https://doi.org/10.1175/1525-7541(2004)005%3c0405:IEFTCU%3e2.0.CO;2
https://doi.org/10.1016/j.foreco.2005.10.060
https://doi.org/10.1016/j.foreco.2005.10.060
https://doi.org/10.1175/BAMS-D-11-00074.1
https://doi.org/10.1175/BAMS-D-11-00074.1
https://doi.org/10.2134/jeq2004.2010
https://doi.org/10.2134/jeq2004.2010
https://doi.org/10.1111/j.1365-3040.2012.02590.x
https://doi.org/10.1046/j.0028-646X.2001.00333.x
https://doi.org/10.1111/jawr.12232
https://doi.org/10.1111/jawr.12232
https://doi.org/10.1080/17538947.2011.598953
https://doi.org/10.1088/1748-9326/7/1/014026
https://doi.org/10.1088/1748-9326/7/1/014026
https://doi.org/10.1038/srep19124
https://doi.org/10.1002/2016JG003503
https://doi.org/10.1002/hyp.13278
https://doi.org/10.1002/hyp.13278

