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Abstract Via air temperature increases and relative humidity changes, climate change will modify vapor
pressure deficit (VPD), which is an important determinant of water vapor and CO2 exchange between the
land surface and atmosphere. VPD is the difference between the water vapor the air can hold at saturation (es)
and the actual amount of water vapor (ea). Here we assess changes in VPD, es, and ea in the United States
(U.S.) for the recent past (1979–2013) and the future (2065–2099) using gridded, observed climate data and
output from general circulation models. Historically, VPD has increased for all seasons, driven by increases in
es and declines in ea. The spring, summer, and fall seasons exhibited the largest areal extent of significant
increases in VPD, which was largely concentrated in the western and southern portions of the U.S. The
changes in VPD stemmed from recent air temperature increases and relative humidity decreases. Projections
indicate similar, amplified patterns into the future. For the summer, the general circulation model ensemble
median showed a 51% projected increase (quartile range of 39 and 64%) in summer VPD for the U.S.,
reflecting temperature-driven increases in es but decreases or minimal changes in relative humidity that
promotes negligible changes in ea. Using a simple model for plant hydraulic functioning, we also show that in
the absence of stomatal acclimation, future changes in VPD can reduce stomatal conductance by 9–51%,
which is a magnitude comparable to the expected decline in stomatal conductance from rising CO2.

1. Introduction

Global air temperature has increased by at least 0.2°C per decade over the last 30 years [Hartmann et al.,
2013]. Based on the Clausius-Clapeyron relationship, increased air temperature leads to higher-saturation
water vapor pressure (es), defined as amount of water vapor the air can hold at saturation [Bohren et al.,
2000; Breshears et al., 2013]; as a result, global temperature-driven increases in es have been reported in many
studies [Isaac and van Wijngaarden, 2012; Kunkel et al., 2013; Lobell et al., 2013; Seager et al., 2015]. Actual
water vapor pressure (ea) is determined by a larger number of drivers. It is also related to air temperature
due to the fact that, on the upper end, ea is constrained by es. Thus, the warmer the air, the larger the max-
imum amount of water vapor. However, ea is also dependent on the amount of moisture in the air, which in
turn is linked to the hydrologic cycle and regional to global scale circulation patterns. Therefore, decreases in
humidity, driven, for example, by continental-scale circulations or limitations to evapotranspiration imposed
by low soil moisture availability or reduced stomatal conductance, can prevent ea from increasing as quickly
as es as temperatures rise.

The difference between es and ea is the vapor pressure deficit (VPD), which is the measure of atmospheric
desiccation strength [Seager et al., 2015] and is an important determinant of the atmospheric demand for
water vapor. While es is always greater than or equal to ea (unless the environment is supersaturated), the dif-
ference between the two can be highly variable. Because es is driven solely by temperature, it is expected to
increase with future air temperature increases. The future relationship of es to ea (and therefore VPD) is still
uncertain, and will reflect the extent the limitation of water movement from the land surface to the atmo-
sphere by the future climate.

VPD is a critical driver of ecosystem function. It is directly related to evapotranspiration (ET), and over nonve-
getated or sparsely vegetated surfaces an increase in VPDwill promote an increase in ET, which can affect soil
moisture and precipitation dynamics. It is widely known, however, that plant stomatal conductance (gs) is
inversely related to VPD [Cowan and Farquhar, 1977; McAdam and Brodribb, 2015; McDowell and Allen,
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2015; Oren et al., 1999; Whitehead, 1998], reflecting the fact that stomates close to prevent excessive water
loss in a desiccating atmosphere. Because the relationship between ET and gs is hyperbolic (at least when
conceptualized using the Penman-Monteith equation [Penman, 1948; Monteith, 1965]), declines in gs with
increasing VPD reduce ET from its potential rate. Declines in stomatal conductance with rising VPD
represent a significant constraint on plant carbon uptake and productivity [Eamus et al., 2013; Lasslop et al.,
2010; McDowell and Allen, 2015], though these limitations may be buffered by changes in water use
efficiency with rising CO2 [Ainsworth and Rogers, 2007; Katul et al., 2009; Medlyn et al., 2011]. Other studies have
demonstrated that VPD is correlated to wild fire incidence [Seager et al., 2015; Williams et al., 2014] and has a
larger relationship to forest/grassland fire than several other factors such as precipitation, drought indices,
temperature, and wind [Williams et al., 2015]. Due to its close connection to ecosystem carbon cycling and
disturbance events, VPD has also been identified as a critical determinant of tree mortality [Williams et al., 2015].

While the importance of VPD on ecosystem productivity, water cycling, and mortality is well-established, his-
torical and projected changes in VPD (including es and ea) are not as well understood. Previous work has con-
cluded that VPD did not change appreciably during the second half of the twentieth century [Roderick and
Farquhar, 2002]. Other works highlight evidence for, or an assumption of, constant global relative humidity
as climate change proceeds [Dessler and Sherwood, 2009; Willett et al., 2007], which implies increases in
VPD that are consistent with global patterns of temperature rise. The assumption of constant VPD with a
changing climate is inconsistent with work by Seager et al. [2015] showing that trends in VPD, es, and ea
between 1960 and 2013 are spatially and temporally variable for the United States, and recent work by
Zhang et al. [2015] showing an overall increase in global atmospheric moisture demand (0.75mm/yr) from
1988 to 2008. Using general circulation models (GCMs), Smith et al. [2016] show a projected global increase
in VPD, and Williams et al. [2013] show a projected increase in VPD for the southwestern United States.

Spatially explicit presentations of historic and future trends in VPD are furthermore difficult to find in the lit-
erature. While several studies include maps of historic and/or future changes in relative humidity [Laîné et al.,
2014; Fu and Feng, 2014; Seager et al., 2015; Byrne and O’Gorman, 2016], maps of historic and future changes
in VPD are largely absent from the literature. Relative humidity and VPD are correlated but not linearly
related, and they do not identically affect plant functioning [Leuning, 1995; Sato et al., 2015]. To our knowl-
edge, this study will be among the first to provide spatially explicit representations of historic and future
changes in VPD for the continental United States, and furthermore to leverage those data into spatially expli-
cit predictions for how trends in VPD may affect stomatal conductance independently of responses to other
hydroclimatic variables (i.e., elevated CO2, soil moisture, and radiation).

Here we build on previous studies of VPD trends by using high-resolution climate data from 1979 to 2013 to
assess recent trends in VPD, es, ea, and contributing climatic components. Additionally, we assess how VPD, es,
and ea might change in the future through the use of 18 downscaled GCMs. Finally, to begin to understand
the implications of these trends in VPD for ecosystem functioning, we use concepts from plant hydraulic
theory to provide an estimate on the reductions in stomatal conductance attributable to past and historic
patterns in VPD.

2. Materials and Methods
2.1. Climate Data

Gridded (4 km resolution) historical daily climate data (aggregated to monthly data), includingmaximum and
minimum temperature and specific humidity, for the years 1979–2013 were extracted from the University of
Idaho Gridded Surface Meteorological Data data set (METDATA) [Abatzoglou, 2013]. METDATA is a combina-
tion of temporally rich North American Land Data Assimilation System-Phase 2 (NLDAS-2) [Mitchell et al.,
2004] and spatially rich Parameter-elevation Regressions on Independent Slopes Model (PRISM) [Daly et al.,
2008]. Validation of METDATA against observations indicates skill comparable to direct interpolation from
observations, especially for air temperature and relative humidity, the variables used for this work.
Correlations between METDATA and observations for maximum and minimum air temperature for the wes-
tern United States were 0.94 and 0.87, respectively, while correlations were 0.77 and 0.81 for maximum and
minimum relative humidity, respectively [Abatzoglou, 2013]. We therefore have full confidence that the
observational data set is accurate in its representation of air temperature and relative humidity throughout
the United States. Full details of this data set are available at http://metdata.northwestknowledge.net/.
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Additionally, downscaled output from 18 GCMs participating in the fifth Coupled Model Intercomparison
Project (CMIP5) that hadmonthly output of maximum andminimum temperature and specific humidity were
extracted for Representative Concentration Pathway 8.5 (highest-emission pathway) for the 1950–2099
time period (Table S1 in the supporting information). Bias correction and statistical downscaling of these
variables for all models were performed using the Multivariate Adaptive Constructed Analogs approach
(MACA version 2) [Abatzoglou and Brown, 2012] to the reference 4 km METDATA data set [Abatzoglou,
2013]. The bias-corrected/downscaled GCM data can be obtained at http://maca.northwestknowledge.net/.
The acronyms shown in the supporting information figures are fully explained on the previously mentioned
website and in Table S1.

In order to present high spatial resolution projections of VPD and its underlying components, downscaling
must be performed. GCM output is on the order of ~150–300 km2 × ~150–300 km2, a resolution much too
coarse than any hydrological/ecohydrological (i.e., watershed or forest) application. This is especially true
for topographically complex areas where temperature, for example, can vary tremendously within 10 to
20 km. Some type of downscaling must be performed in order to translate original GCM output to a local
or regional scale needed for impact studies. There are numerous techniques to translate low-resolution
GCM output to the high-resolution projections [Fowler et al., 2007], though this is not the topic of the
present study.

In this study the GCM data were downscaled to the METDATA gridded, observational data set (also used in
this study) using the MACA method developed by Abatzoglou and Brown [2012]. This method (and all statis-
tical downscaling techniques) assumes that the large-scale meteorology from GCMs are related (statistically)
to the meteorology at local scales (at climate stations, for example). It is also important to note that the sta-
tistical downscaling methods also assume stationarity (i.e., the statistical relationships that hold true in the
present may not hold true in the future). The MACA method uses a combination of quantile mapping and
constructed analogs, which jointly find target patterns for maximum and minimum air temperature and
dew point temperature and is fully described in Abatzoglou and Brown [2012]. The MACA method exhibited
great skill in temperature and humidity (the variables used in this work) for the complex topography of the
western United States [Abatzoglou and Brown, 2012]. Additionally, the MACA approach was further adjusted
to ensure the preservation of trends from raw GCM output to downscaled fields at monthly timescales [Pierce
et al., 2015]. We therefore have full confidence that the downscaled GCM data used in this work are physically
plausible projections of VPD and its underlying components.

The downscaled data used in this study are also bias corrected within the MACA approach. Previous work has
documented GCM biases in simulating regional climate [e.g., Maurer and Hidalgo, 2008; Polade et al., 2013;
Rupp et al., 2013; Ficklin et al., 2016a], which include differences in the magnitude, seasonality, and variability
of GCM output relative to observations and should translate into similar biases in projections. These biases
can also propagate into regional climate model (RCM) output if used for dynamic downscaling [Racherla
et al., 2012]. At the local scale, such biases can substantially alter annual moisture related variables [e.g.,
Johnson and Sharma, 2010; Maurer and Pierce, 2014]. Previous work [Ficklin et al., 2016a] shows that the
GCM biases do matter when assessing future changes in aridity and drought.

One thing to note is that the observed climate data (METDATA) includes the influence of irrigation on regio-
nal climate while the projected climate data (MACA) does not. Previous work indicates that irrigation can
have a localized cooling effect on air temperature from increased cloud cover and increase precipitation
downwind of irrigated areas [Sacks et al., 2009; Puma and Cook, 2010].

2.2. Estimation of Vapor Pressure Deficit, Saturation Vapor Pressure, and Actual Vapor Pressure

VPD, es, and ea were estimated using the approach of Allen et al. [1998] for every grid point of the METDATA
and MACA data sets. Specifically, es (kPa) was calculated by

es;min ¼ 0:611 � exp
17:3 � Tmin

Tmin þ 237:3

� �
(1)

es;max ¼ 0:611 � exp
17:3 � Tmax

Tmax þ 237:3

� �
(2)

es ¼ 0:5 � es;min þ es;max
� �

(3)
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where Tmin and es,min, and Tmax and es,max are the minimum and maximum temperatures (°C) and saturation
vapor pressures (kPa), respectively. The ea (kPa) was calculated by

ea ¼ RH � es
100

(4)

where RH is relative humidity (%) and is estimated by

RH ¼ 100 � SH � ρð Þ
es � 0:622ð Þ (5)

where SH is specific humidity (kg/kg) extracted from either METDATA or MACA, and ρ is the atmospheric
pressure corrected for elevation (kPa), which is estimated by

ρ ¼ ρsea level � 293� 0:0065 � elevationð Þ
293

5:26

(6)

where ρsea level is the pressure at sea level (101.3 kPa) and elevation is the elevation (m) above sea level for the
particular grid point. Finally, VPD (kPa) is estimated by

VPD ¼ es � ea (7)

When linking results from this work to plant functioning, it is important to note that our estimates of VPD
represent daily averages (aggregated to a monthly time step) that consider both daytime and nocturnal
values. Since vegetation photosynthesizes during the day, one would expect that daytime VPD would be
the most relevant driver for plant ecosystem productivity, water cycling, and mortality. The averaging of
maximum and minimum es treats daytime atmospheric conditions equal to nighttime atmospheric condi-
tions, which will lower VPD. Therefore, for plant-specific effects from increases in VPD, the results from this
study should be viewed as conservative.

2.3. Estimation of Projected Stomatal Functioning

Darcy’s law states that the flux of water from the soil to the leaves (Tr) may be described via an Ohm’s law
analogy [van den Honert, 1948]:

Tr ¼ K Ψ S– Ψ L–ρghð Þ (8)

where K is the whole-plant hydraulic conductance, Ψ S and Ψ L are the leaf and soil water potentials,
respectively, and the term ρgh accounts for gravity induced head losses. Under steady state conditions
characterized by low boundary layer resistance and little hydraulic capacitance, Tr may be equated to
the product of stomatal conductance (gs) and VPD [Whitehead, 1998], giving

gs ¼ K Ψ S –Ψ L – ρghð Þ½ �
VPD

(9)

The term in the numerator reflects a wide variety of biophysical properties, including xylem anatomy, canopy
structure, species-specific regulation of leaf water potential (i.e., isohydric versus anisohydric), and soil moist-
ure content. Here we make a simplifying but limiting assumption that the term Tr= K(Ψ S�Ψ L� ρgh) is invar-
iant with VPD, which allows us to straightforwardly determine the relative change in gs imposed by variation
in VPD between two time periods (time1, time2) as

Relative gs ¼
gs;time2 � gs;time1

gs;time1
¼

1
VPDtime2

� 1
VPDtime1

� �
1

VPDtime1

� 100 (10)

Using equation (10), we then estimate the expected magnitude of the change in gs (as percent change)
driven by nonstationary VPD in the absence of changes in other biophysical variables.

We stress that, in reality, the biophysical determinants of K(Ψ S � Ψ L � ρgh) are indeed likely to change over
long time scales, in ways that are independent of changes in gs imposed by rising VPD. For example, future
changes in VPD may also be accompanied by future changes in soil water potential. In general, future
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projections of changes in soil moisture content are spatially heterogeneous but tend to represent temporal
decreases over time [Jung et al., 2010; Laîné et al., 2014]. Thus, we consider another estimate of relative gs that
is representative of a ~20% decline in soil moisture content between future and present conditions. This
assumed decline is consistent with model predictions for some terrestrial ecosystems [Sheffield and Wood,
2008] and is also similar to the mean decline in growing season soil moisture content observed during some
naturally occurring drought events [Stoy et al., 2006]. Because the relationship between soil water potential
and soil moisture content is nonlinear [Clapp and Hornberger, 1978], a 20% decline in soil moisture results
in decline in soil water potential that varies depending on soil type and normal soil moisture conditions.
For example, using the model of Clapp and Hornberger [1978], a 20% decline in soil moisture content in a silt
loam that is 70% saturated is on the order of 0.1MPa; a similar decline in a sandy loam that is 40% saturated is
on the order of ~0.4MPa. For the purposes of this simple exercise, we assume a decline in ΨS of �0.3MPa.
During normal, nondrought periods, (ΨS�ΨL� ρgh) = 1.0MPa is a reasonable approximation for many tree
species [Roman et al., 2015], so that a 0.3MPa decline in ΨS translates to a 30% reduction in (ΨS�ΨL� ρgh).
Thus, another estimate of relative gs that reflects temporal declines in soil moisture (gs,SM ↓) may be
calculated from

Relative gs;SM↓ ¼
gs;time2 � gs;time1

gs;time1
¼

0:7
VPDtime2

� 1
VPDtime1

� �
1

VPDtime1

� 100 (11)

Similarly, we also produced an estimate of relative gs that accommodates the potential for adaptive increases
in the quantity K(ΨS�ΨL� ρgh). These adaptations could represent increases in whole-plant hydraulic con-
ductivity K, achieved, for example, by increases in the sapwood area, declines in the leaf area, or declines in
plant height [McDowell et al., 2002; Novick et al., 2009]. They could also represent increases in the difference
between soil and leaf water potential driven by more anisohydric (i.e., risky) hydraulic regulation [McDowell
et al., 2002; Roman et al., 2015]. It is important to note that any of these adaptive strategies could have a nega-
tive impact on carbon assimilation or growth, for example, by requiring a tree to invest in additional sapwood
area instead of additional height, or by increasing the risk of damaging hydraulic cavitation. Nonetheless, for
the purposes of this study, we consider the case of a 30% increase in K(ΨS�ΨL� ρgh) between present and
future climate conditions. This assumed magnitude is consistent with observed height-driven adaptive
changes in the plant sapwood-to-leaf area ratio as a tree matures from a sapling to a mature adult
[McDowell et al., 2002; Novick et al., 2009], though it could also represent increasingly anisohydric behavior
in the future. With this assumption, a final estimate of relative gs that reflects hydraulic adaptation (gs,adaptive)
may be calculated from

Relative gs;adaptive ¼
gs;time2 � gs;time1

gs;time1
¼

1:3
VPDtime2

� 1
VPDtime1

� �
1

VPDtime1

� 100 (12)

2.4. Statistical Analyses

Statistical analyses and trends of VPD, es, and ea and their climatic components were performed for the period
from 1979 to 2013 (defined as historical) for the METDATA and the period from 2065 to 2099 for the MACA
(defined as projected). As with any trend test, the start and the end points of the time series affect the trend
magnitude and/or direction. For example, a trend test on a time series starting in January 1979 and ending in
December 2000 will very likely give different results than a time series starting in January 1979 and ending in
December 2013. The monthly data were broken up into seasons: winter (December, January, February; DJF),
spring (March, April, May; MAM), summer (June, July, August; JJA), and fall (September, October, November;
SON). Months within a season were then averaged for each year. Trends and their statistical significance for
the historical time period were assessed using two trend metrics: Sen-Theil slope estimator [Sen, 1968; Theil,
1992] for the trend magnitude and the Mann-Kendall trend test [Kendall, 1975;Mann, 1945] for the trend sig-
nificance at p< 0.05. Using the Mann-Kendall test requires serially independent data, otherwise the trend sig-
nificance will be overestimated [Yue et al., 2002]. We find that serial correlation is not a concern for the
seasonal data used in this work. After the first lag, correlation decreases from 1 (0 lag) to a range of 0.0 to
0.2 for all climate variables for the United States.
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To assess projected changes in VPD, es, ea, and their underlying climatic components, the difference between
the historical and projected time periods of individual GCMs were calculated. Using the GCM ensemble, the
median, first, and third quartiles were calculated. Previous work has found that spurious trends can be found
when climate stations with different statistical distributions go offline or online throughout the time of
gridded data generation [Hamlet and Lettenmaier, 2005; Livneh et al., 2013; Maurer et al., 2002], though the
use of METDATA (a combination of PRISM and NLDAS-2) should alleviate these concerns.

3. Results and Discussion
3.1. Historical Trends in Vapor Pressure Deficit, Saturation Vapor Pressure, and Actual Vapor Pressure

Statistically significant trends of VPD were observed during the historical time period (1979–2013) for all
seasons. There is significant spatial variation in the VPD trends, but overall, increases in VPD were observed
for the majority of the study area (Figure 1). When averaged across the study period and the United States,
significant increases in VPD have risen at a rate of approximately 0.007 kPa/yr, which extrapolates to a total
of 0.25 kPa for the 35 year historical time period. VPD increased over the largest areal extent of land during
the summer season, for which, 25% of the total number of grid points showed a statistically significant
increase and 0.74% showed a significant decrease. The positive trends were largely concentrated in the
western and southern portion of the United States and the upper Midwest, while the only significant
decreases in VPD were found in western Montana. Both the Spring and Fall seasons exhibited a similar
amount of significant increases in VPD (spring= 17.2% statistically significant increases; fall = 18.6%) and a
minor amount of VPD decreases (spring = 2.4% statistically significant decreases; fall = 0.5%). These increases
were largely concentrated in the southwestern United States. The fall season, however, was associated with a
large area of statistically significant increases in the upper Midwest. It is worth noting the large area of
decreasing VPD in the upper Great Plains stretching from eastern Montana to Minnesota during the spring
season. Lastly, the winter season did not exhibit a large number of grid points with statistically significant
increases (2.2%) or decreases (2.0%).

The changes in VPD for the historical time period were a result in directional or divergent changes in es and ea
(Figure 1). The es increased for a large portion of the United States for the spring, summer, and fall seasons. No
large areas of significant es trends occurred for the winter season except for a portion of the southern United
States. Figure 1 indicates that trends in es were largely correlated to trends in VPD (winter correlation: 0.66,
spring correlation: 0.81, summer correlation: 0.81, fall correlation: 0.57), though important distinctions do
arise. For example, significant increases in winter es occurred for the southern United States (Texas and
Louisiana), but this area did not show significant changes in winter VPD.

The ea decreased for a large portion of the United States for all seasons (Figure 1). Significant decreasing ea
trends were largely concentrated in the southwestern United States, while the northeastern United States
showed areas of increasing ea for the winter, summer, and fall time periods. These patterns correspond to
precipitation trends found in other work [Prein et al. [2016]; Ficklin et al., 2016b]. The ea decreasing trends
negatively corresponded to increases in VPD (winter correlation: �0.27, spring correlation: �0.61, summer
correlation: �0.75, fall correlation: �0.72).

Figure 1 indicates that es and ea did not increase or decrease in tandem or at the samemagnitude, resulting in
changes to VPD. The es generally increased faster than ea (Figure S1 in the supporting information). This is
especially true for the summer and fall seasons, where ea increased faster than es for only a small area of
the United States (11% for the summer and 8.0% for the fall). The winter and spring seasons showed larger
areas where ea increased faster than es (38.9% for the winter and 32.1% for the spring), but overall the es trend
still dominated the ea trend.

The differences in es and ea (and therefore VPD) stemmed from recent changes in air temperature (Figure 2).
Significant increases in maximum andminimum air temperature increased in tandem for all seasons and was
especially apparent for the summer and fall, where nearly all of the United States exhibited increases in both
maximum and minimum air temperature. The average maximum air temperature increase for the United
States was 0.014 (winter), 0.013 (spring), 0.024 (summer), and 0.026 (fall) °C/yr. The average minimum air
temperature increase for the United States was 0.017 (winter), 0.013 (spring), 0.027 (summer), and 0.023 (fall)
°C/yr. These trends are slightly smaller than the 1979–2004 trends estimated by Vose et al. [2005]. The Vose
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et al. [2005] study also indicated no significant change in diurnal temperature range. The result that minimum
temperature increased at approximately the same rate contradicts previous work suggesting that historic
minimum temperature increased faster than the daily average temperature [Roderick and Farquhar, 2002],
though that result is dependent on the time period used [Vose et al., 2005; Ficklin et al., 2016b]. In the
Roderick and Farquhar [2002] study, though, the minimum temperature is surrogated to the dew point
temperature, and the rapid increase in minimum temperature reported is interpreted in Roderick and
Farquhar [2002] as evidence that changes in historic VPD are negligible.

Relative humidity was negatively related to air temperature and significantly decreased for large portion of
the United States for all seasons, especially the summer and fall (Figure 2). The largest spatial extent of rela-
tive humidity decreases were found for the summer and fall seasons, with an average decrease of�0.07 and
�0.09%/yr, respectively. The largest relative humidity decreases were found in the southwestern
United States.

3.2. Projected Changes in Vapor Pressure Deficit, Saturation Vapor Pressure, and Actual
Vapor Pressure

GCM projections were assessed in order to determine if the historical trends are projected to continue into
the future. To assess the historical accuracy of the downscaled GCMs, we spatially and temporally compared
observed Summer VPD from the METDATA observations to historical summer VPD from the MACA GCM data
set. Minimal spatial and magnitude differences were found for the observed and historical GCM data
(Figure 3). Compared to the observed, METDATA VPD, the downscaled GCMs accurately estimate areas of
high VPD in the southwestern United States and areas of low VPD in the Pacific Northwest and eastern
United States.

To compare temporal trends in the model and observed data, we aggregated the >20,000 grid points into
National Centers for Environmental Information climate regions based on the work of Karl and Koss [1984]
resulting in nine climate regions (Figure S2). Within each region, the average of VPD, es, and ea for all grid
points for all climate data sets (METDATA, GCM ensemble) were averaged. This results in one time series
for each region for each climate data set. Figure 4 displays monthly METDATA, GCM ensemble median,
GCM ensemble range averaged for each climate region from 1979 to 2013. As was the case for the spatial

Figure 1. Trends of vapor pressure deficit (VPD), saturation vapor pressure (es) and actual vapor pressure (ea) from 1979 to 2013 for all seasons. The hatched regions
represent a significant trend at p< 0.05.
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comparisons of the observed and historical GCM time periods, the downscaled GCMs adequately capture the
magnitude and timing of VPD for each region, even though there is variation around the GCM ensemble
median. Figures S3 and S4 display the same temporal information, but for es and ea.

Nearly every model projects a large increase in VPD in the future relative to the historic time period.
Figure 5 presents percent differences between historical and projected time periods in summer VPD for
the 18 GCM ensemble first quartile, median, and third quartile for the 2065–2099 time period.
Projections for each GCM are shown in Figures S5–S7 for VPD, es, and ea. To get a sense on how much
the GCM projections temporally vary, we also show the temporal results of the projections of the GCM
ensemble median and GCM ensemble range for all months using similar methods as previously discussed
(Figure 6 for VPD; Figure S8 for es; Figure S9 for ea); however, because we are comparing observed and
projected VPD, es, and ea, we show projected percent changes compared to the historical time period
(i.e., January 2080 compared to average of all historical January VPD). Results are for the highest emission
pathway (RCP 8.5). Therefore the results presented can be thought of as a constraint on the “maximum”

change in VPD and its components, but noting that previous work [Sanford et al., 2014] indicates that we
are currently following the RCP 8.5 pathway.

The GCMs project large increases in VPD during Summer (Figure 5). The GCM ensemble VPD median for the
United States is a 0.72 kPa (51% percent change) increase compared to the historical time period, with an
increase of 0.55 (39%) and 0.88 kPa (64%) for the first and third quartile for the GCM ensemble, respectively.
This 0.72 kPa median increase is consistent with the trend of significant trends observed during the 35 year
historical time period when extrapolated to the projected time period. The smallest projected VPD increase is
0.32 kPa (GCMMRI-CGCM3) and the largest increase is 1.12 kPa (HadGEM2-ES365) (Figure S5). Temporally, the
percent change variation around the projected GCM ensemble median is large for VPD, with the Upper
Midwest and Northern Rockies and Plains having the largest GCM uncertainty (~15% to >200% change

Figure 2. Trends of maximum air temperature, minimum air temperature, and relative humidity from 1979 to 2013 for all seasons. The hatched regions represent a
significant trend at p< 0.05.
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from historical to projected VPD; Figure 6). Importantly, however, nearly all models predict an increase in VPD
for each region.

Nearly all GCMs (18) are in agreement that VPD will increase for the United States relative to the historical
time period (Figures 6 and 7). A smaller number of GCMs agree that VPD will increase by at least 0.5 kPa when
compared to the number that agrees that VPD will increase by some amount >0 kPa, but there is still a
concurrence among the vast majority of the GCMs (~15 GCMs) that VPD for much of the United States will
increase by 0.5 kPa. The coastal areas, northeastern United States, and the high-elevation regions in the
western United States do not show a concurrence of a VPD increase >0.5 kPa (1–5 GCMs). Lastly, much of
the United States does not show a clear agreement on a 1 kPa increase. The only areas that do are the
extremely arid regions of Arizona, California, and Nevada (14–16 GCMs) and southern central Great Plains
(8–11 GCMs).

Due to its sole dependence on air temperature (equations 1–3), summer es is projected to considerably
increase (Figure 5 and Figures S6 and S8) with a GCM ensemble median increase of 1.07 kPa (35% percent
change) and a first and third quartile increase of 0.87 (29%) and 1.27 kPa (42%) compared to the historical
time period. The temporal uncertainty is similar to the VPD temporal uncertainty, with both the Upper
Midwest and Northern Rockies and Plains having large uncertainties (Figure S8). Overall, the GCM uncertain-
ties are less when compared to the VPD GCM uncertainties, and again, most models predict an increase in ea
of between future and present conditions.

There is clear agreement among GCMs that es will increase by at least 0.5 kPa relative to the historical
time period (Figure 7). This agreement decreases when the threshold is changed to at least a 1 kPa
increase, but there is still a large concurrence. Large portions of the eastern and western United States
do not meet this threshold (1–5 GCMs in agreement), while there is some agreement in the central
United States (10–12 GCMs) and clear agreement in the extremely arid regions of the western United
States and the south central Great Plains (12–18 GCMs).

Figure 3. Spatial comparison between average summer vapor pressure deficit (VPD) for the observations from the METDATA data set and the GCM historical time
period (1979–2013) from the MACA data set.
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Figure 4. Temporal comparison between vapor pressure deficit (VPD) for the observations from the METDATA data set and the GCM historical time period
(1979–2013) from the MACA data set for each climate region defined by Karl and Koss [1984] and shown in Figure S2 of the supporting information.
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While summer es is projected to increase considerably, summer ea is not projected to change as much, result-
ing in the large projected increases in VPD (Figures 5 and 7). The GCM ensemble median indicates a 0.35 kPa
(23% percent change) increase compared to the historical time period, approximately one third less than the
projected change in es. The first and third quartiles also show consistent ea increases, with 0.27 (18%) and 0.43
kPa (28%) increases, respectively. The temporal GCM uncertainties display similar uncertainties as the es GCM
uncertainties, though the overall ea increase is less (Figure S9).

While both es and ea are projected to increase, the rate of increase of es eclipses the rate of increase of ea, and
only a few GCMs—and for small areal extents—project that ea will increase faster than es (Figure S10).
Compared to VPD and es, there is not a clear agreement among GCMs of large increases in ea (Figure 7).
While all GCMs agree that ea will increase, no clear agreement can be found for the 0.5 or 1 kPa threshold.
The only area where there is some agreement on a 0.5 kPa threshold is the central portion of the eastern
United States (Virginia, North Carolina, and South Carolina).

The projected summer increases in maximum and minimum temperatures are the reason for increases in es
(Figures S11 and S12). The GCM ensemble median increase in maximum temperature is 5.3°C (first quartile:
4.4°C; third quartile: 6.0°C), and no GCM projects an increase less than 3.0°C. The same is true for minimum
temperature where the GCM ensemble median increase is 4.8°C (first quartile: 3.9°C; third quartile: 6.0°C) with
the smallest increase of 3.4°C (GCM inmcm4) (Figures S11 and S12).

The small increases in ea relative to es are linked to decreases or minimal changes in summer relative humidity
(Figures 8 and S13). The GCM ensemble median for the United States indicates a projected decrease in rela-
tive humidity of approximately 4.4% with a first and third quartile decrease of 6.4 and 2.8%, respectively
(Figure 8). The decrease in relative humidity is a robust result among GCMs (Figure 9), with near concurrence
for most of the United States. While there is agreement of a projected relative humidity decrease, the
decreases are small (5%) compared to the historical time period for a large portion of the United States. In
the central United States, however, an agreement among GCMs of a relative humidity decrease is greater
than 5%, but not necessarily 10% (Figure 9).

These declines in relative humidity, which contradict assumptions of constant global (land and ocean)
relative humidity that inform many climate studies [Dessler and Sherwood, 2009; Held and Soden, 2006]

Figure 5. GCM ensemble median and quartiles of changes between the historical (1979–2013) and projected (2065–2099) time periods for summer vapor pressure
deficit (VPD), saturation vapor pressure (es), and actual vapor pressure (ea).

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025855

FICKLIN AND NOVICK INCREASING U.S. VAPOR PRESSURE DEFICIT 2071



Figure 6. Temporal agreement/uncertainty for monthly percent change in projected (2065–2099) vapor pressure deficit (VPD) compared to the historical
(1979–2013) time period for the GCM ensemble for each climate region defined by Karl and Koss [1984] and shown in Figure S2.
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have several potential causes, all of which ultimately reflect limitations to terrestrial evapotranspiration.
Simply put, rising temperatures create more “room” in the atmosphere for water vapor by increasing the
saturation vapor pressure, but over terrestrial surfaces, the movement of water from land to the
atmosphere is impeded one way or another, preventing the actual vapor pressure from keeping pace with
temperature-driven increases in es [Byrne and O’Gorman, 2016]. The same argument does not necessarily
apply over oceans, where temperature is rising more modestly and moisture supply to the atmosphere is
not limited. As a result, ocean relative humidity is projected to be more stable in time [Byrne and
O’Gorman, 2016].

It is also important to note that an increase in VPD would be expected under warmer temperatures even
if relative humidity were constant, driven by the exponential relationship between es and temperature
(i.e., equations (1) and (2)). However, our results demonstrate that estimated historic and projected future
changes in VPD are strongly linked to the fact that, over land, ea has historically not risen as quickly as es
(and in some places has decreased), a trend which we project will continue into the future. Some pre-
vious studies have proposed that this decoupling between terrestrial ea and es is principally driven by
coarse-scale air circulation patterns, where air transported to land from the relatively cooler and more
slowly warming oceans keeps the ea over land from rising as quickly as es [Sherwood and Fu, 2014; Fu
and Feng, 2014; Fasullo, 2010]. However, other recent work highlights the importance of limitations to ter-
restrial evapotranspiration as another important constraint on the rate of increase of terrestrial ea [Byrne
and O’Gorman, 2016; Berg et al., 2016], with some studies reporting recent declines in evapotranspiration
that cannot be explained by changes in radiation [i.e., global dimming; Jung et al., 2010; Ridgen and
Salvucchi, 2016].

3.3. Projected Changes in Stomatal Conductance

Other factors that are proposed to be significantly limiting to evapotranspiration include reductions in soil
moisture supply [Jung et al., 2010; de Jeu et al., 2008] or stomatal closure under elevated CO2 [Ainsworth
and Rogers, 2007;Medlyn et al., 2001]. The results from this study suggest that increasing VPD itself may drive
forward a feedback cycle whereby plants close their stomates to prevent excessive water loss, promoting
significant declines in stomatal conductance that will be limiting to evapotranspiration and thereby
further reduce the rate of increase of ea. This line of inference is supported by other recent work relying
on observations of ecosystem water cycling to demonstrate VPD-driven limitations to stomatal functioning

Figure 7. Agreement among GCMs on increases by at least 0 kPa, 0.5 kPa, or 1.5 kPa for summer vapor pressure deficit (VPD), saturation vapor pressure (es), and
actual vapor pressure (ea) compared to the historical time period (1979–2013).
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[Bonan et al., 2014; Sato et al., 2015; Novick et al., 2016; Sperry et al., 2016], and an observed recent decline in
evapotranspiration over the continental United States that can only be explained if VPD-driven reductions to
stomatal conductance are considered [Rigden and Salvucci, 2016].

Due to the inverse relationship between gs and VPD predicted by Darcy’s law (i.e., equations (8) and (9)), the
relative change in gs driven by historic changes in VPD is not necessarily correlated with the magnitude of
VPD change. For example, in areas of the central and eastern United States where VPD change is small, we
nonetheless found significant, historic changes in summer gs due to the high sensitivity of gs to VPD when
VPD is low (Figure S14). However, the analysis nonetheless also suggests a significant decline in historic gs
for much of the western United States where VPD has historically increased. Moving forward, however,
the analysis suggests that all regions of the United States are projected to experience VPD-driven declines
in gs on the order 30% for the entire continental United States, and 35% for the relatively mesic eastern
U.S. under the assumption of stationarity (Figure 10 for the GCM median and quartiles—left column and
Figure S15 for all GCMs).

We again reiterate that these historic and future projections for gs shown in Figure 10 rely on the simpli-
fying assumption that Tr= K(Ψ S – Ψ L – ρgh) is constant with time. In reality, long-term, adaptive variation
in K may be realized as changes in leaf area, sapwood-to-leaf area ratio, or canopy height [McDowell et al.,
2002; Novick et al., 2009; Piao et al., 2006]. The soil-to-leaf water potential difference may be indepen-
dently affected by variation in soil moisture content (affecting Ψ S), canopy height (affecting pgh), and
shifts in whether plants regulate Ψ L to be relatively constant (isohydric) or adaptive (anisohydric)
[McDowell and Allen, 2015; Roman et al., 2015; Martínez-Vilalta et al., 2014). Changes in these other factors
do not uniformly decrease or increase gs. For example, increases in K driven by adaptive adjustments to
hydraulic architecture will tend to increase gs, whereas decreases in future soil moisture will tend to
decrease gs.

Figure 8. GCM ensemble median and quartiles of changes between the historical (1979–2013) and projected (2065–2099)
time periods for summer relative humidity.
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To this end, we also include changes in gs from (1) a 30% decline in soil water potential (Figure 10, middle
column for GCM ensemble median and quartiles and Figure S16 for all GCMs) estimated from equation (9)
and (2) a 30% adaptive increase in K (Figure 10, right column for GCM ensemble median and quartiles and
Figure S17 for all GCMs) as estimated by equation (12) as a way to bracket the uncertainty. When a 30%
decline in soil water potential is assumed, the GCMmedian ensemble decrease in gs changes from 30% under
the stationarity assumption to a 51% decrease. When a 30% adaptive increase in K is included, the gs
becomes more modest (a 9% decrease on average), where approximately 6% of the grid cells showed an
increase in gs under future climates.

These reductions in gs have important implications for land-atmosphere interactions. On the one hand,
reductions in gs due to rising VPD could limit evapotranspiration [Rigden and Salvuchhi, 2016] in a matter
similar to reductions in gs driven by rising CO2, representing a feedback that could further accelerate the rate
of increase in atmosphere demand. However, with regard to that feedback, it is important to note that our
estimates likely overstate the importance of decreases in gs with projected VPD in determining regional
patterns of evapotranspiration and atmospheric demand for two reasons: (1) the entire United States is
not completely covered in vegetation (i.e., urban areas, desert regions) and (2) each pixel where gs is

Figure 9. Agreement among GCMs on projected (2065–2099) decreases by at least 0%, 5%, or 10% for summer relative
humidity compared to the historical (1979–2013) time period.
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estimated may not be completely covered with vegetation (i.e., a mix of urban and forest). Therefore, the
decreases in gs presented here should be viewed as a lower bound when considering VPD effects on gs at
the scale of a grid cell. On the other hand, reductions in gs from rising VPD will reduce the rate of
vegetative carbon uptake, noting that changes in plant intrinsic water use efficiency may prevent
reductions to photosynthesis from being as severe as reduction to gs [Medlyn et al., 2011, Katul et al.,
2009]. In this case, the projected decline in leaf level gs and carbon assimilation due to rising VPD, which is
important for determining individual-scale growth and fitness, does not necessarily depend on the fraction
of vegetation cover in each grid cell. However, the consequences of VPD-driven stomatal closure for
regional and global carbon cycling will be more strongly determined by densely vegetated areas that tend
to be high carbon sinks.

The magnitude and range of these estimated responses are on the same order as the estimated declines
in gs linked to increasing water use efficiency with rising CO2 (~20%) [Ainsworth and Rogers, 2007; Katul
et al., 2009; Medlyn et al., 2011]. Both CO2- and VPD-driven declines in stomatal conductance will affect
transpiration and thereby affect hydrologic cycling [Milly and Dunne, 2016]. Rising CO2 is generally recog-
nized to enhance carbon uptake in spite of associated reductions in gs [Ainsworth and Rogers, 2007]. In
contrast, while water use efficiency may also increase with rising VPD [Novick et al., 2009], much empirical
evidence exists to suggest that gross and net primary productivity are limited under high VPD [Eamus
et al., 2013; Lasslop et al., 2010]. As a result, VPD-driven reductions in future gs may offset gains in photo-
synthesis associated with rising CO2.

4. Summary and Conclusions

VPD represents the ability of the air to extract moisture from the land surface, defined as the difference
between the water vapor in the air at saturation (es) and the actual amount of water vapor (ea). We examine
changes in VPD, es, ea, and their underlying climatic components in the United States for the observed, recent
past (1979–2013) and the future (2065–2099) using an ensemble of 18 GCMs from the high-emission path-
way RCP 8.5. We find significant increases in VPD for nearly all seasons in the recent past from diverging
trends in es owing to increases in air temperature and decreases in ea from decreases in relative humidity.
These trends are especially apparent in the southwestern United States, which has shown to be especially

Figure 10. GCM ensemble median and quartiles of percent changes between the historical (1979–2013) and projected (2065–2099) time periods for summer sto-
matal conductance (gs) assuming (left column) stationarity, (middle column) a 30% decline in soil water potential, and (right column) a 30% adaptive increase in K.
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sensitive to forest mortality from increases in temperature [McDowell and Allen, 2015; Williams et al.,
2014, 2013].

The GCM ensemble also indicates that VPD will continue to increase into the future from larger increasing
trends in es as compared to ea. The es is projected to significantly increase for the United States, while ea
increases are minor. The large es increases are related to increases in air temperature. The minor ea increases,
on the other hand, imply limitations to the rate at which water vapor is supplied to the atmosphere, which
have the effect of reducing relative humidity and increasing VPD. Using a simple model for plant hydraulic
functioning, we estimated that future changes in VPD can reduce stomatal conductance by ~9–51%, which
is a magnitude comparable to the expected decline in gs from rising CO2.
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