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A B S T R A C T   

The Vapor Pressure Deficit (VPD) is one of the most relevant surface meteorological variables; with important 
implications in ecology, hydrology, and atmosphere. By understanding the processes involved in the variability 
and trend of the VPD, it is possible to assess the possible impacts and implications related to both physical and 
human environments, like plant function, water use efficiency, net ecosystem production, atmospheric CO2 
growth rate, etc. This study analysed recent temporal variability and trends in VPD in Spain between 1980 and 
2020 using a recently developed high-quality dataset. Also, the connection between VPD and soil moisture and 
other key climate variables (e.g. air temperature, precipitation, and relative humidity) was assessed on different 
time scales varying from weekly to annual. The objective was to determine if changes in land-atmosphere 
feedbacks connected with soil moisture and evapotranspiration anomalies have been relevant to assess the 
interannual variability and trends in VPD. Results demonstrate that VPD exhibited a clear seasonality and 
dominant positive trends on both the seasonal (mainly spring and summer) and annual scales. Rather, trends 
were statistically non-significant (p > 0.05) during winter and autumn. Spatially, VPD positive trends were more 
pronounced in southern and eastern of Spain. Also, results suggest that recent trends of VPD shows low 
contribution of variables that drive land-atmosphere feedbacks (e.g. evapotranspiration, and soil moisture) in 
comparison to the role of global warming processes. Notably, the variability of VPD seems to be less coupled with 
soil moisture variability during summertime, while it is better interrelated during winter, indicating that VPD 
variability would be mostly related to climate variability mechanisms that control temperature and relative 
humidity than to land-atmosohere feedbacks. Overall, our findings highlight the importance of assessing driving 
forces and physical mechanisms that control VPD variability using high-quality climate datasets, especially, in 
semiarid and sub-humid regions of the world.   

1. Introduction 

Vapor Pressure Deficit (VPD) is one of the most important surface 
meteorological variables, mainly for plant physiology, particularly leaf 
diffusive conductance, plant productivity, and carbon uptake (Breshears 
et al., 2013; Grossiord et al., 2020; Medlyn et al., 2001) and forest fires 

(Balch et al., 2022). It is well-established that VPD plays a key role in 
modulating photosynthesis and carbon uptake and growth (Breshears 
et al., 2013; Eamus et al., 2013; Kimm et al., 2020; Lendzion and 
Leuschner, 2008; Sulman et al., 2016). Moreover, VPD has significant 
hydrological implications, as it is one of the controlling variables of 
atmospheric evaporative demand (AED) (Allen et al., 1998). 
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Specifically, combined with wind speed, VPD controls the aerodynamic 
component of atmospheric demand, which is the most influential factor 
in explaining recent trends and future projections in AED (Vicente- 
Serrano et al., 2020; Wang et al., 2012). AED has significant environ-
mental and hydrological implications that impact plant transpiration 
(Massmann et al., 2019), land water availability (Friedrich et al., 2018; 
Wang et al., 2018), as well as the severity of hydrological, agricultural, 
and ecological droughts (Dai et al., 2018; Vicente-Serrano et al., 2020). 

VPD is computed simply as the difference between the saturation (es) 
and the actual (ea) vapor pressure, which are obtained from near-surface 
air temperature (T) and air humidity. As such, the temporal variability 
and changes of VPD depend largely on these two variables. Numerous 
studies indicate that VPD changes are driven by changes in both atmo-
spheric conditions and land-atmosphere feedbacks (Ambika and Mishra, 
2020; Yuan et al., 2019; Zhou et al., 2019). Globally, VPD is increasing 
(Wang et al., 2012; Yuan et al., 2019) because, under global warming 
there is an increase in es that is not paired with equal increases in ea. 
Other studies demonstrate that the varying warming rate between land 
and oceanic regions is also a key driver of VPD trends, mainly due to sub- 
saturation of moisture content in the air that comes from the oceans to 
continents (Byrne and O'Gorman, 2018; Sherwood and Fu, 2014). This 
mechanism is responsible for the recent dominant observed decrease in 
relative humidity over the majority of mild-latitudinal land areas of the 
North hemisphere in the past decades (Vicente-Serrano et al., 2018), and 
is likely to contribute to the projected relative humidity decrease in 
future scenarios (Douville et al., 2021). 

However, although long-term VPD trends are largely influenced by 
global warming-related direct and indirect mechanisms, they can also be 
impacted by other drivers that control air temperature and air humidity. 
There are a number of factors to consider, including atmospheric cir-
culation variability, which has a significant impact on the spatio- 
temporal variability of air temperature and air humidity (Martens 
et al., 2018). As such, it is expected that atmospheric conditions corre-
sponding to high VPD are favourable for precipitation deficits and 
drought. 

Also, soil moisture can be seen as a main driver of VPD changes 
(Seneviratne et al., 2010), particularly during the warm season (Zhou 
et al., 2019). This is related mainly to the Bouchet's complementary 
relationship (Bouchet, 1963; Brutsaert and Parlange, 1998), given that, 
in the absence of air advection, VPD would be controlled by land- 
atmosphere feedbacks, which are determined by the partition of total 
heat flux between latent and sensible fluxes that are driven primarily by 
soil moisture variations. Specifically, under dry soils, land evapotrans-
piration (Et) would be limited, so latent heat flux decreases and sensible 
heat increases. This mechanism can reduce water flow from land to the 
atmosphere, thereby inducing an increase in air temperature, a reduc-
tion in relative humidity, and finally an enhancement of VPD. 

Land-atmosphere feedbacks have recently been highlighted as a key 
factor that contributes to VPD variability across different regions 
worldwide (Ambika and Mishra, 2020; Liu et al., 2020a; Stegehuis et al., 
2021). The VPD changes were mostly explained by air temperature 
(Fischer et al., 2007; Hirschi et al., 2011) and relative humidity changes 
(Zhou et al., 2019) associated with soil moisture variations. 

Unfortunately, a comprehensive assessment of VPD changes over 
Spain and their driving forces is still lacking at the national scale, albeit 
with the notion that variability and trends of VPD could have direct 
impacts on agricultural, ecological and hydrological systems in the 
country. Few studies have assessed the impacts of VPD changes over 
Spain. For example, Villalobos et al. (2000) assessed the role of VPD and 
soil surface evaporation in olive orchard crop performance over south-
ern Spain. More recently, Larsen (2021) evaluated the impacts of 
increased VPD on Pinus halepensis Mill, which is one of the most common 
species in eastern Spain, demonstrating how transpiration patterns and 
soil-water balance are strongly dependent of VPD changes. 

This study aims to (i) analyse recent changes and variability of VPD 
in Spain using the densest quality-controlled network of meteorological 

observations for the period 1980–2020 and (ii) identify the possible 
mechanisms controlling this variability and change, which features the 
diverse climatic conditions, particularly in light of the country's large 
coverage of semi-arid climate conditions. In particular, this study as-
sesses the possible role that land-atmosphere feedbacks, driven by soil 
moisture and evapotranspiration anomalies, may have on VPD vari-
ability and trends in comparison to the role of global warming processes. 

2. Datasets description 

A complete register of daily maximum and minimum air tempera-
tures, daily mean dew point temperature, and precipitation for Spain 
between 1980 and 2020 was provided by the Spanish National Meteo-
rological Agency (AEMET). Data were subjected to a rigorous quality 
control and homogenization procedure as outlined in Tomas Burguera 
et al. (2016). Herein, it should be noted that the first day of each year 
can fall on different days, and this propagates throughout the year, so it 
was not possible to use “week” as the reference time step for calcula-
tions. Also, leap years may have contributed to the inconsistency of the 
periods being compared. As a result, each month was divided into four 
artificial “weekly” periods: the first from the 1st to the 8th day, the 
second from the 9th to the 15th day, the third from the 16th to the 22nd 
day, and the fourth from the 23rd day to the end of the month. This 
approach enabled interannual comparisons amongst sub-monthly pe-
riods, retaining the VPD variability better, compared to the data on a 
monthly scale. The weekly data were tested for possible temporal in-
homogeneities using the Standard Normal Homogeneity Test (SNHT) 
(Alexandersson, 1986). Fig. 1 shows the spatial distribution of the 
complete series of air temperature and dew point temperature available 
for 1980–2020. As illustrated, the stations are evenly distributed over 
space, albeit with improved spatial coverage for air temperature and 
precipitation in particular. 

Prior to calculating VPD, weekly data for input variables were 
interpolated to a common spatial resolution of 1 km2 using the universal 
Kriging interpolator, which accounted for elevation as an auxiliary 
variable. Further details about the development of this dataset can be 
found in Vicente-Serrano et al. (2017). Fig. 2 summarizes the statistical 
validation results for the interpolated maximum and minimum air 
temperatures and dew point temperature. The accuracy was measured 
using the Willmott's D agreement index (Willmott et al., 2012). This 
statistic is calculated from the estimations obtained by means of a Jac-
knife approach based on withholding, in turn, one station out of the 
network, estimating regression coefficients from the remaining obser-
vatories, and calculating the difference between the predicted and 
observed value for each withheld observatory (Phillips et al., 1992). The 
evolution of D over the period 1980–2000 suggests the level of agree-
ment between the observed and predicted data over time. These calcu-
lations were made for each of the three input variables. The values of the 
D agreement index vary from 0 to 1, with values close to one indicating 
high agreement and minimal bias. Overall, results demonstrate the high 
accuracy of the weekly 1 km2 gridded dataset used to compute VPD. The 
seasonal and annual series of observations and those interpolated using 
the Jacknife approach (in which the predicted series are independent of 
the series of every meteorological station) show an excellent agreement. 
Fig. S1 shows the temporal evolution of these average series and the 
average series of observations based on the available meteorological 
stations and they show the same evolution, with very few and small 
differences amongst them. Thus, the magnitude of change between the 
series of observations and the series interpolated by the Jacknife 
approach are basically similar at the seasonal and annual scales 
(Fig. S2). 

Using the gridded datasets, VPD was calculated on a weekly basis by 
means of the difference between es and ea following Allen et al. (1998), 
as 

VPD = es − ea (1) 
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Fig. 1. Spatial distribution of the available meteorological stations for air temperature, dew point temperature and precipitation.  

Fig. 2. Validation statistics of the weekly records of maximum and minimum air temperatures and dew point temperature in Spain between 1980 and 2020. Left: 
evolution of the Wilmot's D statistic each week, Right: Average D values each week of the year. 
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where es is obtained using both maximum (Tmax) and minimum tem-
perature (Tmin), as recommended by Allen et al. (1998), via: 

es =
eo(Tmax) + eo(Tmin)

2
(2)  

and ea is obtained using dew point temperature (Tdew), as: 

ea = eo(Tdew) (3) 

Finally, 

eo(T) = 0.6108exp
[

17.27T
T + 237.3

]

(4)  

where T (◦C) is substituted by Tmax, Tmin or Tdew. 
In Spain, an official network of soil moisture observations is lacking, 

with only a few short-term measurements, which are very localised over 
space and maintained by local research teams (Martínez-Fernández and 
Ceballos, 2003; Scaini et al., 2015; Sillero-Medina et al., 2021). For this 
reason, we employed modelling data, based on meteorological and 
remote sensing input data, in order to assess the possible role of soil 
moisture in VPD variability and trends. Specifically, surface and root 
zone soil moisture (in m3/m3) and Et (in mm) were obtained on a daily 
basis from the GLEAM v3.5a dataset (https://www.gleam.eu/) for the 
period 1980–2020 (Martens et al., 2017; Miralles et al., 2011). GLEAM 
has been fully validated at the global scale using data of Eddy- 
covariance towers located on different environment (Martens et al., 
2017). Thus, recent comparisons of the output of different model sim-
ulations have showed that GLEAM reproduces well the magnitude and 
temporal variability of the available observations (Guo et al., 2022; Liu 
et al., 2023; Yang et al., 2022). To match the VPD's temporal resolution, 
these daily data were aggregated to a weekly time scale. Also, as the 
spatial resolution of the two datasets is different (i.e. 1 km2 for T, RH, 
VPD, and precipitation (P), and 0.25◦ for the GLEAM data), the VPD and 
P data were resampled by a bilinear algorithm to match the spatial 
resolution of the GLEAM dataset. We believe that this spatial resolution 
is sufficient to characterise the VPD response to different climatic con-
ditions across Spain. 

3. Analysis 

Trend and variability of VPD were analysed for the whole of Spain 
between 1980 and 2020. Trends were assessed on a weekly, seasonal, 
and annual scale, although the majority of analyses were performed on 
seasonal and annual scales, while weekly data were used for some 
comparisons. Overall, seasons were defined in a standard way: winter 
(DJF), spring (MAM), summer (JJA), and autumn (SON). The main 
analysis was based on the gridded datasets but we also included the 
analysis in the independent meteorological stations in order to show the 
observed trends in the locations in which the data is available. 

To analyse changes in VPD and other related climatic variables, the 
nonparametric Mann–Kendall statistic was used. This is a non- 
parametric test, which quantifies the degree to which a trend is 
consistently increasing or decreasing. As this statistic is sensitive to the 
presence of autocorrelation in the time series, we considered a modified 
version of this test, which returns the corrected p values after accounting 
for temporal pseudoreplication (Hamed and Ramachandra Rao, 1998; 
Yue and Wang, 2004). To assess the magnitude of change in the different 
variables over the study period, we used a linear regression analysis 
between the series of time (independent variable) and VPD and other 
variables (dependent variables). The slope of the regression suggested 
the amount of change (per year), with higher slope values indicating 
greater change and vice versa. While trends were assessed at the grid 
level (0.25◦), we also explored the whole picture for Spain by creating 
regional series based on averaging all gridded series for each variable 
over the entire country. Trends were assessed at the 95% significance 
level (p < 0.05). 

We assessed the relationship between the interannual variability of 
VPD and other variables using Pearson's r correlation coefficient. To 
remove the possible effect of trends presented in the time series on 
correlation magnitude and significance, correlations were computed for 
the detrended series. 

To quantify the independent role of precipitation and soil moisture 
on VPD, we used the partial correlation to the detrended series of the 
different variables. This is important, recalling that there is a high de-
pendency between VPD and other contributing variables (e.g. precipi-
tation, soil moisture, and air temperature) (Kimm et al., 2020; Lu and 
Takle, 2010; Scaini et al., 2015; Yuan et al., 2020; Zhao and Khalil, 
1993). Partial correlation measures the association between two vari-
ables (dependent and independent) after fixing the role of other possible 
controlling variables (Baba et al., 2004). 

3. Results. 

3.1. Trends in VPD and its controlling variables 

Fig. 3 illustrates seasonal and annual changes in VPD from 1980 to 
2020. Results suggest statistically significant positive trends, mainly in 
spring, summer, and annually. On the other hand, VPD did not exhibit 
significant changes in winter and autumn over Spain, implying that VPD 
increase was mainly assigned to the warm season. A similar temporal 
pattern was seen for data on a weekly scale, as we noted statistically 
significant positive trends between weeks #19 (4th of May) and #32 
(4th of August), which corresponds to late spring and summertime. 

Spatially, we found spatial differences in the magnitude of VPD 
trends as a function of season (Fig. 4). In summer, the most pronounced 
increase in VPD was noted in southern and eastern Spain, while weaker 
changes were recorded in northern Spain. The spatial patterns of annual 
trends seem to be more related to VPD trends in summer. In contrast, 
significant trends during winter and autumn were only seen across small 
areas. The trends based on the gridded dataset show the same spatial and 
seasonal patterns identified by the independent meteorological stations 
(Fig. S3). Thus, the majority of the stations with data of dew, maximum 
and minimum temperature necessary to calculate VPD show positive 
and statistically significant trends in Spring, Summer and at the Annual 
scales. 

Fig. 5 depicts the seasonal and annual changes in the driving vari-
ables of VPD. It can be noted that the strong increase in VPD during the 
warm season was inconsistent with the observed changes in some var-
iables like soil moisture, evaporation, and precipitation. Notably, no 
significant changes in both surface and root soil moisture were found 
over Spain, either seasonally or annually. As illustrated, the temporal 
evolution of root and surface soil moisture seems to be stationary over 
the study period, with low interannual variability. For precipitation, a 
statistically significant increase was noted from 1980 to 2020 on the 
annual scale, which was less driven by the small changes in spring and 
autumn. This is confirmed by the coherent relationship between Et and 
precipitation trends. Precipitation showed a statistically significant in-
crease from 1980 to 2020 on the annual scale, which is the result of 
small increases in spring and autumn. This pattern favoured a general 
increase of Et, particularly in spring, but not relevant changes in summer 
Et. This is simply because, during summer, soils are dominantly dry and 
precipitation is too low to allow soil recharge, taking into account the 
high AED recorded during this season. The spatial patterns of VPD and 
related variables at the grid level were reflected at the country level 
(Figs. S4-S7). This pattern can be seen in the statistically non-significant 
trends of the root and surface soil moisture on the annual and seasonal 
scales across Spain. 

Importantly, it can be noted that the observed VPD trends in Spain 
during the warm season over the past four decades were mostly driven 
by the radiative forcing associated with anthropogenic climate change. 
This was evident by the significant temperature rise during the warm 
season and annually. Fig. 6 illustrates the average annual and seasonal 
series of minimum and maximum air temperatures and relative 
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humidity for the whole of Spain between 1980 and 2020. As depicted, 
both minimum and maximum air temperatures showed significant 
positive trends in spring, summer, and annually, with less significant 
changes in winter and autumn. In contrast, relative humidity showed a 
declining trend in spring and summer, although this trend was statisti-
cally significant only during summertime, with a rate of decline of 6.4% 
on average. Figs. S8-S10 suggest that the patterns identified based on the 
regional series were spatially coherent with the identified trends of air 
temperature (increase) and relative humidity (decrease) over large areas 
of Spain, especially in summer. 

3.2. Links between VPD variability and its controlling variables 

Fig. 7 summarizes the links between the interannual variability of 
VPD in Spain and soil moisture and other climate variables. This asso-
ciation was assessed between the annual and seasonal detrended VPD 
and detrended Et, root zone, and surface soil moisture. Statistically 
significant negative correlations between VPD and root and surface soil 
moisture were found in all seasons and annually. Higher correlation 
values were found between VPD and surface soil moisture than with root 
zone soil moisture. For Et, statistically significant correlations (p < 0.05) 
with VPD were noted only on the annual scale. In all cases, this rela-
tionship was negative in all seasons, indicating that VPD tended to be 
reduced under high Et and soil moisture. This would be the expected 
behaviour in the warm season, in which land-atmosphere feedback 
reaches its maximum in the year given maximum values of radiation at 
the same time that atmospheric circulation is less intense than in other 
seasons. Nevertheless, although the negative relationship between VPD 
and Et and soil moisture could be expected in the summer season, the 
statistically significant and strong relationship recorded in winter, 
spring, and autumn between VPD and soil moisture is not easily 
explained by the land-atmosphere feedbacks, as these processes are not 

relevant during these seasons. Unexpectedly, recalling this negative 
association, we found that the spatial patterns of correlations between 
VPD and Et, surface and root zone soil moisture were almost consistent, 
irrespective of season, even with much stronger correlations in cold 
seasons (e.g. autumn) than in warm seasons (e.g. summer) (Figs. S11- 
S13). Interestingly, the relationship between the interannual variability 
of VPD and precipitation was almost similar to that of soil moisture, with 
negative correlations in all seasons and annually (Fig. 8). Spatially, 
Fig. S14 shows that the negative correlations between VPD and rainfall 
were high and statistically significant in large parts of Spain in all sea-
sons and all years. 

Surface soil moisture and precipitation are strongly related 
(Figs. S15-S16). Nonetheless, VPD showed a higher partial correlation 
with soil moisture than with precipitation on the annual scale and in 
autumn. Rather, this correlation was higher with precipitation in winter 
and spring. In summer, the correlation values between VPD and soil 
moisture and precipitation were almost similar (Table S1 and Figs. S17- 
S18). Thus, the ultimate physical mechanisms that largely control VPD's 
interannual variability are difficult to ascertain. The dominant physical 
driver cannot be determined using a partial correlation statistic. 
Nevertheless, due to their strong correlations, soil moisture and pre-
cipitation can be seen as providing roughly the same information. 
Nevertheless, we hypothesize that the relationship between VPD and 
soil moisture is non-direct and fundamentally caused by the role of 
precipitation on VPD. This hypothesis is based on the stronger negative 
correlations found considering surface soil moisture rather than those 
obtained using Et and root soil moisture. Also, our hypothesis is sup-
ported by the fact that these correlations were similar to those obtained 
with precipitation. The role of precipitation in VPD variability can also 
be seen in the context of the relationship between precipitation and both 
temperature and relative humidity, combined with the significant 
impact of precipitation on soil moisture variability. 

Fig. 3. Evolution of the average VPD for Spain on the annual and seasonal scales. Bottom-right plot provides the magnitude of change and statistical significance of 
the VPD changes on the weekly scale. Black lines and texts inform on the evolution based on the interpolated gridded dataset. Red lines and texts show the evolution 
based on the available meteorological stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 4. Spatial distribution of the magnitude of the trend in VPD (hPa) between 1980 and 2020 on the seasonal and annual scales. White areas correspond to regions 
with no significant trends. 
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In order to investigate in more depth the possible dominant mech-
anisms controlling interannual variability of VPD, we analysed the 
correlations between VPD and both soil moisture and precipitation using 
weekly data. For the regional series, results suggest lower correlations 
between root zone soil moisture and VPD than between surface soil 

moisture and VPD. This finding was evident for the different weeks of 
the year (Fig. 9), and particularly in summer. From February to 
September, the correlations between the interannual variability of VPD 
and precipitation were stronger than the correlation between VPD and 
surface soil moisture. Expectedly, the correlation between VPD and soil 

Fig. 5. Annual and seasonal evolution of root and surface soil moisture, evapotranspiration, and precipitation over the whole Spain for the period 1980–2020.  

Fig. 6. Annual and seasonal evolution of minimum and maximum temperatures and relative humidity over the whole Spain for the period 1980–2020.  
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moisture was markedly weak between October and December. The 
spatial patterns of correlations with VPD were similar during the 
different weeks of the year considering surface soil moisture and pre-
cipitation (Figs. S19-S20). Notably, during the warm season (weeks 
23–34), the correlations between VPD and soil moisture were weak 
across the whole of Spain, in a period in which soil is normally dry and in 
which precipitation is low and spatially sparse. 

Since variations of VPD during summer were not clearly connected 
with the variability of either precipitation or soil moisture, we assessed 
the connection of the direct driving variables of VDP variability (i.e. air 
temperature and relative humidity) with soil moisture and precipitation 
(Figs. S21 and S22). We noted that both precipitation and soil moisture 
exhibited similar associations with maximum air temperature and 
relative humidity across all seasons. Thus, we did not find a strong 
coupling between soil moisture variations and air temperature and 
relative humidity during summer, or a different influence than that 

directly hinted by precipitation. 
On the weekly scale, correlations between VPD and both maximum 

air temperature and relative humidity were almost similar (Fig. S23). 
The patterns of correlations in the 48 weeks of the year indicated that 
VPD was strongly associated with air temperature variability during 
warm periods of the year (spring, summer, and early autumn), during 
which the impacts of relative humidity become more stable. The weekly 
correlations between maximum air temperature and surface soil mois-
ture were similar in magnitude and temporal pattern to those of 
maximum air temperature and precipitation. Also, the correlations be-
tween these two variables and relative humidity were similar, but the 
correlations were slightly higher during summertime when considering 
precipitation than surface soil moisture. 

Fig. 7. Relationships between detrended regional series of VPD and evapotranspirationt, root and surface soil moisture on the seasonal and annual scales. a) winter, 
b) spring, c) summer, d) autumn, and e) annual. 
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4. Discussion 

This study analysed recent temporal variability and trends in VPD 
across Spain between 1980 and 2020 and their connection with soil 
moisture and different climate variables, including precipitation (P), air 
temperature (T), and relative humidity (RH). These assessments were 

made on different timescales, varying from weekly, seasonal, and 
annual. We employed a high-quality updated VPD dataset that has been 
fully validated and compared with independent precipitation and soil 
moisture data. VPD data is fully independent of the data of the land 
variables, such as Et and soil moisture. Also, it is assured that the re-
lationships between VPD, precipitation, evapotranspiration, and soil 

Fig. 8. Relationships between detrended regional series for VPD and precipitation on the seasonal and annual scales.  

Fig. 9. Correlations between the regional weekly series of VPD and those of precipitation, root, and surface soil moisture. Dashed line represents the limit of sta-
tistically significant correlations. 
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moisture were not affected by the characteristics of mechanistic models, 
which were used to obtain soil moisture simulations that are coupled 
with inputs of VPD and P. This issue is very critical since the role of soil 
moisture in evapotranspiration evolution and, thereby, VPD could be 
affected in some way by how land-atmosphere coupling is included in 
the modelling scheme (Materia et al., 2022; Stegehuis et al., 2013). 
Thus, strong land-atmosphere feedback in models usually causes an 
underestimation of the sensitivity of Et to VPD and, conversely, an 
overestimation of the sensitivity to low soil moisture (Liu et al., 2020b). 

One caveat related to this study is the lack of soil moisture obser-
vations in Spain, which guided our decision to rely on soil moisture data 
derived from a model that combines both observational and remote 
sensing data (Martens et al., 2017). However, even though there is some 
uncertainty in the modelled data, it has been shown to be of good quality 
when compared to observations in different parts of the world (Beck 
et al., 2021). 

4.1. Trends in VPD 

Results suggest a dominant increase in VPD in Spain over the last 
four decades, which is consistent with the trends assessed based on 
different observations and reanalysis datasets on a global scale (Lian 
et al., 2020; Weedon et al., 2011). In this study, the increase in VPD was 
more pronounced during the warm season, explaining the relevant VPD 
increase observed on the annual scale. 

Also, this work attempted to explain the strong observed trend and 
variability of VPD in recent decades through examining their connection 
with some relevant variables such as P, Et, and soil moisture. Amongst 
them, soil moisture has been proven as a key controller of VPD vari-
ability in several recent studies. For example, Stegehuis et al. (2021) 
suggested the role of soil moisture drying at the beginning of summer in 
explaining summer warming in some areas of western Europe, including 
parts of central Spain. In the same context, this mechanism is likely to 
have a significant impact on trends of summer maximum T under future 
climate change scenarios characterized by enhanced anthropogenic 
emissions (Vogel et al., 2017). As opposed to these findings, our study 
demonstrates that the increase in VPD over the past decades does not 
concur with changes in either soil moisture (both surface and root) or Et. 
Specifically, soil moisture at the surface and the root levels was almost 
stationary on the seasonal and annual scales, with non-significant 
changes between 1980 and 2020. While earlier studies in the Mediter-
ranean indicated a decline in soil moisture in the region, including 
Spain, during the dry season due to increased evapotranspiration (e.g., 
Padrón et al., 2020), this trend was not confirmed for the soil moisture 
dataset used in Spain over the period 1980–2020. Our findings suggest a 
significant increase in Et during winter, spring, and annually, with fewer 
changes in summer. These results may stress the possible role of the 
intensity of water flow from land to the atmosphere that may control T, 
RH, and VPD trends. Thus, the increase in Et may be linked directly to 
the observed increase in P, which was noted on the annual scale during 
the study period. A similar pattern was noted in most of Southern Europe 
during the last four decades (Gutiérrez et al., 2021). As AED is extremely 
high in Spain (Tomas-Burguera et al., 2020), Et tended to be controlled 
more by P than by AED, particularly in the dry areas of Spain (Beguería 
et al., 2014), which are dominant in the country. 

The amount of irrigated land in Spain has grown a lot (Pinilla, 2006), 
from 1.45 million of hectares in 1950 to 3.83 million of hectares in 2020, 
and this growth was seen as a major cause of the sharp drop in 
streamflow in Spain (Lorenzo-Lacruz et al., 2012; Vicente-Serrano et al., 
2019), mostly because crops are losing more water through enhanced 
evapotranspiration (Jiménez-Aguirre and Isidoro, 2018). Nonetheless, it 
seems that the increase in irrigated lands, and thereby, crop evapo-
transpiration did not correspond to a reduction of summer T and VPD. 
Again, this finding contradicts some earlier regional studies. A repre-
sentative example is Ambika and Mishra (2020) who found that the 
decreased VPD in India since 2000 was associated with increased soil 

moisture, Et, and RH due to increased irrigated surface. 
Soil humidity is generally low in most of Spain during summer. This 

is caused by the low P and high Et from dominant crops in spring and 
active vegetation in summer, which deplete soil moisture (Austin et al., 
1998). The exceptions correspond mainly to humid regions in the north, 
which showed statistically significant positive trends in Et and negative 
trends in soil moisture. This pattern could explain the increasing water 
stress in forest areas in some humid regions of Spain (Camarero et al., 
2015; Carnicer et al., 2011; Sánchez-Salguero et al., 2017). In these 
humid regions of Spain, it is expected that the enhancement of Et would 
be coherent with the general AED increase recorded in the region 
(Tomas-Burguera et al., 2020). Nevertheless, in the rest of the country, 
summer soil moisture is extremely low, with less interannual variability. 
As such, soil dryness is not expected to increase more due to the 
observed increase in AED. 

The evolution of VPD, which is independent of soil moisture trends, 
suggests that the main mechanisms explaining long-term VPD trends are 
related to the radiative effects caused by anthropogenic climate change. 
VPD did not show an increase in winter and autumn, which is in 
agreement with the stationary behaviour of T and RH in these seasons. In 
contrast, in spring and summer, there was an important VPD increase, 
which was driven by a strong increase in T and a decrease in RH, which 
are particularly strong in summer. The increase in T seems to be clearly 
connected with global warming processes, which have been significant 
during the last decades over the whole Mediterranean region (Doblas- 
Reyes et al., 2021). In the absence of soil moisture changes in Spain over 
the last four decades, anthropogenic forcing seems to be the most 
reasonable explanation of the strong increase of VPD, with a secondary 
role of possible land-atmosphere feedbacks. 

Our results suggest a strong decrease in RH over the past decades, 
which agrees with several other mid-latitudinal areas of the northern 
hemisphere (Vicente-Serrano et al., 2018). Given the stationary behav-
iour of soil moisture and evapotranspiration, the strong decrease in RH 
can be seen in the context of the differential warming rates between 
oceanic and continental areas (Byrne and O'Gorman, 2013, 2018), 
which can lead to sub-saturation conditions in continental areas (Sher-
wood and Fu, 2014). Most of Spain is subjected to atmospheric moisture 
with an oceanic origin (Gimeno et al., 2010). Accordingly, increased T in 
land areas seems to contribute to a general decrease in RH, enhancing 
positive VPD trends. 

4.2. Drivers of temporal variability of VPD 

This study indicates a strong interannual variability of VPD in the last 
four decades. To attribute this variability, changes in VPD were linked to 
the variability of Et, soil moisture, and P. We found a negative and 
significant correlation between VPD, Et, and soil moisture on both the 
annual and seasonal scales. This negative association could suggest that 
possible coupling processes between soil and the atmosphere may play a 
fundamental role in driving the interannual variability of VPD in Spain. 
Land-atmosphere coupling has been suggested as a key driver of VPD 
variability in most world regions when considering the role of soil 
moisture (Liu et al., 2020a; Zhou et al., 2019). Atmospheric dynamics 
plays an important role in driving variables of VPD, which should also be 
taken into consideration. The following paragraphs will attempt to 
distinguish between results that support the importance of land- 
atmosphere coupling and those that suggest the importance of atmo-
spheric dynamics. 

Thus, there are some aspects that prevent the direct association of 
land-atmosphere coupling and VPD. First, the possible land-atmosphere 
feedbacks controlling VPD variability are not expected in seasons 
different to summer since air advection is dominant. Although some 
studies have suggested a land-atmosphere coupling based on a negative 
and significant correlation between soil moisture and VPD on the annual 
scale (Liu et al., 2020a), this correlation obtained for the long-term 
could mix different physical processes. For example, air advection is 
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dominant during the humid season and feedback between the surface 
and the atmosphere would not be expected. Thus, we consider that the 
relationship between soil moisture and VPD in the humid season would 
be basically connected to the control of soil moisture by P. Thus, it is 
much more plausible that variability of P is the real driver of VPD rather 
than soil moisture. This is simply because P is strongly coupled with RH 
(Kimm et al., 2020; Lu and Takle, 2010) and is also highly correlated 
with T (Alder et al., 2008; Trenberth and Shea, 2005; Zhao and Khalil, 
1993). In Spain, during the cold and humid seasons, soil moisture is 
fundamentally determined by P given the low T and thereby the absence 
of evapotranspiration (Austin et al., 1998). Therefore, the negative 
correlation between soil moisture and VPD in large areas of Spain in 
winter, spring, and autumn would not be suggestive of a control of the 
VPD by soil moisture as a consequence of the influence of land humidity. 
Rather, soil moisture variability is simply affected by P variability, 
which is ultimately determined by atmospheric dynamics (Paredes et al., 
2006; Rodriguez-Puebla et al., 1998). 

The second issue that hinders a direct attribution of VPD variability 
to variations of soil moisture is the fact that surface soil moisture showed 
higher correlations with VPD than both root zone soil moisture and Et. 
Considering that >70% of Et is in the form of plant transpiration 
(Jasechko et al., 2013) and that water is obtained from plants in root 
layers, stronger correlations between VPD and root soil moisture than 
those with surface soil moisture would be expected, and even higher 
correlation between VPD and evapotranspiration, since evapotranspi-
ration is a better proxy of the latent heat flux to the atmosphere. In 
Spain, we found that correlations were higher between VPD and surface 
soil moisture in all seasons and annually. Thus, a higher correlation with 
surface soil moisture was also found in summer, in which surface soil is 
extremely dry, with less interannual variations. 

In light of these findings, it is still not recommended to claim that 
interannual variations in land-atmosphere feedback caused by interan-
nual variability in soil moisture may be the primary driver of VPD in 
Spain during summer season. Thus, we showed that, during summer-
time, correlations between soil moisture and VPD decreased more on the 
weekly scale. Some studies suggest that the coupling between soil 
moisture and VPD depends largely on the time scale of analysis (Novick 
et al., 2016; Teuling et al., 2006). For example, long-time scales (e.g. 
annual and seasonal) showed stronger coupling than hourly, daily, and 
weekly time scales (Kimm et al., 2020; Sulman et al., 2016). Here, we 
showed that, on the weekly scale, the relationship between surface soil 
moisture and VPD was negative and statistically significant during most 
of the year, although correlations decreased during summer weeks 
(between June and August). A similar pattern was observed with P, but 
the decline in the correlation was lower. These results do not imply that 
changes in land-atmospheric feedbacks, caused by variations in soil 
moisture, may not affect VPD. However, the statistical analysis makes it 
difficult to separate this effect from the effect caused by P variability on 
T and RH and the strong effect of atmospheric mechanisms (as south 
warm advections, Sousa et al., 2019), together with the role of water 
transport from the surrounding Mediterranean sea, which is the prin-
cipal source of atmospheric moisture on P in Spain during summer 
(Gimeno et al., 2010). 

In Spain, soil moisture effects on T and VPD may be restricted to 
particular conditions, such as extreme heat waves. This has been the 
case in different regions worldwide (Fischer et al., 2007; Hirschi et al., 
2011; McKinnon et al., 2021; Miralles et al., 2014). Thus, it is expected 
that its effect may be characterized by non-linear characteristics (Song 
et al., 2020; Vargas Zeppetello et al., 2019). Under humid conditions, Et 
is not limited (Seneviratne et al., 2010), so it would not control VPD. 
Nevertheless, under extremely dry conditions, the variability of soil 
moisture is low and, accordingly, changes in Et are not expected to occur 
or control VPD (Chen et al., 2014). In such cases, VPD would be strongly 
affected by air advections (Stocker et al., 2018). Thus, atmospheric 
mechanisms may strongly affect land-atmosphere feedbacks during 
summer, considering dry soils (Gu et al., 2006). For example, Ford et al. 

(2015) analysed the connection between synoptic patterns and soil 
moisture-atmosphere feedbacks that control convection in the central 
US, demonstrating that unorganized convection was mostly related to 
500 hPa ridging, which caused increased VPD over very dry soils. On the 
other hand, under other atmospheric conditions, the variations of VPD 
were reduced. Stocker et al. (2018) suggested that the main control of 
soil moisture on VPD during summer months would be recorded in in-
termediate conditions. Nonetheless, due to the predominant dry soils in 
Spain during summertime, these conditions are uncommon. This non- 
linear relationship could explain the low correlations found between 
soil moisture and VPD in summer since the interannual variability of soil 
moisture is low and it would not cause substantial modifications in the 
interannual variations of the land-atmosphere feedbacks that may affect 
VPD. 

Another possible contribution to the general decoupling between soil 
moisture variations and VPD in Spain during summer can be the 
response of plants to high values of VPD that are recorded in this season. 
Average T in Spain in summer is high (Martin-Vide and Olcina-Cantos, 
2001) and the occurrence of heat waves with T above 35 ◦C caused by 
air advections is very frequent (Olcina, 1994). Under these conditions 
and in order to reduce evapotranspiration, plants reduce the stomatal 
conductance (Grossiord et al., 2020), which could finally decouple soil- 
atmosphere interactions. 

Therefore, the strong control of the land-atmospheric coupling under 
climate change conditions during summertime, as suggested for central 
and Western Europe (Seneviratne et al., 2006), is not evident in south-
western Europe. This may be attributed to the dominant dry conditions 
recorded every year, and also the physiological plant strategies to cope 
with water stress. This does not mean that soil moisture may contribute 
to the severity of heat waves and droughts, as suggested by some recent 
studies (Ribeiro et al., 2020; Russo et al., 2019), but its role in deter-
mining the interannual variability of VPD, even in summer season, 
seems to be limited. 

5. Conclusions 

This study suggests a significant increase in the VPD over Spain in the 
last four decades. These changes were more pronounced during the 
warm season and annually. Results demonstrate that this increase was 
independent of the evolution of Et, soil moisture, and P. Rather, they 
were mostly related to the different radiative effects related to anthro-
pogenic climate change. Moreover, the interannual variability of VPD 
seems not to be coupled with the variations of soil moisture during 
summer season: a finding that contradicts with findings from global 
studies that suggested strong coupling between soil moisture and VPD, 
including Spain, on the seasonal and annual scales. Temporal variability 
of VPD in the cold season would be mostly related to the mechanisms of 
climate variability that control temperature and humidity variations and 
that are basically linked to atmospheric mechanisms. In summers, the 
dominant dry soils and possibly physiological plant mechanisms would 
cause a dominant uncoupling between soil moisture and VPD. For this 
reason, VPD is probably related to atmospheric mechanisms that control 
temperature and relative humidity in the region, including warm ad-
vections and humidity transport. As increased VPD has important con-
sequences on plant physiology and it strongly determines plant 
productivity and carbon uptake (Breshears et al., 2013; Grossiord et al., 
2020), and since different studies have stressed its role on crops and 
natural ecosystems (Fu et al., 2022; Lobell et al., 2011; Novick et al., 
2016), assessment of VPD variability and trends and their driving 
physical mechanisms, based on robust databases, seems to be a priority 
in semiarid and sub-humid regions of the world, where enhanced AED 
may increase water stress and reinforce climate aridity and the severity 
of drought events in future climate change scenarios (Vicente-Serrano 
et al., 2020). 
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