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Abstract: It has generally been regarded that, in the warming climate, atmospheric water vapor
may increase due to the enhancement in surface evaporation, which is expected from the Clausius–
Clapeyron (C–C) equation, along with the assumption that relative humidity experiences small
changes. If the variation in relative humidity is small, the response of water vapor to temperature
will be closely in line with the C–C equation. However, whether relative humidity experiences
large or small changes needs be assessed, and the change of relative humidity should be compared
with the change in surface–air temperature. In this study, we link surface vapor pressure, which
characterizes atmospheric water vapor, to surface-air temperature, and treat both the temperature and
relative humidity as influencing factors. A method based on linear regression is applied to compare
the interannual variabilities of relative humidity and temperature in the interannual variation in
surface vapor pressure. Whether the year-to-year perturbation of relative humidity is important,
compared with the perturbation in surface-air temperature, is explored Results show that, at high
latitudes of both hemispheres, the variation in vapor pressure is dominated by air temperature, and
relative humidity has small positive contributions. Thus, the variation in relative humidity over these
regions is comparably small, and the response of water vapor to temperature can well follow the
C–C equation. Differently, at mid-low latitudes, especially on land, air temperature plays a negative
role in the variation in vapor pressure. Relative humidity offsets the negative contribution and
dominates the variation in vapor pressure, suggesting that the variation in the relative humidity
over these regions is comparably large. Hence, the response of water vapor to temperature deviate
from the C–C equation. Analysis indicates that the different results of the dominance from the two
influencing factors are affected by the dual effects of precipitation or wet-air transport over land. Both
precipitation and the transport of cold wet air could break the C–C relation between water vapor
pressure and temperature.

Keywords: atmospheric water vapor; surface-air temperature; relative humidity; dominance analysis;
interannual variations

1. Introduction

Atmospheric water vapor, a component in global water and energy cycle, is important
to climate variability and change [1–3]. It is the material of precipitation, and the latent
heat released from precipitation can drive atmospheric circulation [4]. The circulation may,
in turn, transport water vapor and change the spatial distribution of the vapor [5]. As
a greenhouse gas, water vapor can also affect the radiation in the atmosphere and the
temperature of the Earth’s atmosphere system [6].

Precipitable water (W), the column-integrated water vapor amount, is a conventional
water vapor quantity. In a regional column, water vapor converging from the surroundings,
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along with the moisture evaporated from earth’s surface, is first used to increase the W.
When the air gets saturated, at least in certain levels, precipitation may form. The data of W
can be obtained from the sounding radiosonde [7,8], the remote sensing such as the radar
observation and satellite retrievals [9,10], the GPS observations [11,12], and the calculations
with the reanalysis and model outputs [13,14].

The surface water vapor, e.g., the surface vapor pressure, has also been stressed [15–18].
Surface vapor pressure can be regarded as the force exerted by the total moisture contained
in the column [19]. It was revealed that, with a normal profile with water vapor content
maximal in low level and decreasing with height, the surface vapor pressure can well
represent the column total water vapor [20,21]. The empirical relations between W and
surface vapor pressure were utilized to estimate W with surface observations, especially
during the early stage when there were few sounding observations [22–25]. In the present
study, while examining its relation with W, we focus on the interannual variation in surface
vapor pressure. By linking the surface vapor pressure with precipitable water, we may
analyze the interannual variability of surface water vapor to reflect that of the column-
integrated water vapor content, which is meaningful for the main block of this study.

Because of warming, atmospheric water vapor is often linked to tropospheric tem-
perature or surface-air temperature [26–29]. If the relative humidity that appears in the
relation experience small changes, the response of vapor pressure to temperature follows
the C–C equation, with a growth rate near 7%/K [30]. It seems to be true at global scale and
in some local areas according to observations [31]. The response of global mean surface
vapor pressure to temperature simulated by models are also close to it [32]. However, due
to the limitation of evaporation and the variation in vapor transport, the relative humidity
may have large changes in many areas [33]. There have been few studies on assessing the
long-term changes, as well as the interannual variability, of the surface and tropospheric
relative humidity. Some studies [16,34] examined the variability and trends in surface
humidity using global in situ observations and pointed out that the interannual variations
of the surface relative humidity are relatively small.

Actually, for the examination of how tightly the change of water vapor can follow the
C–C equation, an assessment of whether the variation in relative humidity is large should
be performed in the context of the variation in air temperature. In other words, the change
of relative humidity should be compared with the change in air temperature. In this study,
we link water vapor to the surface-air temperature and treat both the temperature and
relative humidity as influencing quantities. The change in water vapor may be dominated
by the change in air temperature or the change in relative humidity or be affected by both
of them. For the interannual variation in the surface vapor pressure, which characterizes
the atmospheric water vapor, we aim to explore whether the variation in air temperature or
the variation in relative humidity is more important.

The physical expression of vapor pressure, air temperature, and relative humidity
are nonlinear. A method is applied here, which has been utilized in previous studies for
several different climate issues [35–38]. It uses linear regression to fit the relation, which is
convenient for assessing the relative importance. Statistical tests are conducted to ensure
the reliability of the method. In this study, with the two measures, constructed by using
the coefficients from the fitting along with the standard deviations, the variations of air
temperature and relative humidity in the interannual variation in vapor pressure are then
estimated and compared. Finally, whether the variation in relative humidity is large and
whether the response of water vapor to temperature can will follow the C–C equation can
be explored.

In Section 2, the data and main method used in the paper are introduced. In Section 3,
derivation and calculation are used to illustrate that surface vapor pressure can reflect the
column-precipitable water under hydrostatic conditions. Section 4 shows the correlations
of surface vapor pressure with surface-air temperature and relative humidity. In Section 5,
a linear relation of surface vapor pressure with the two influencing factors is established by
using statistical regression. In Section 6, the relative importance of the two factors in the
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interannual variation in the vapor pressure is quantitatively assessed with the measures
constructed from the fitting. In Section 7, the results of the dominance determined from the
linear fitting method are compared with the conclusions qualitatively deduced from the
original nonlinear relation. In Section 8, to better understand the dominance of the relative
humidity in the variation in surface vapor pressure over mid-low-latitude land, the dual
effects of the land precipitation on the surface moisture and air temperature are examined
for selected areas. Summary and discussion are given in Section 9.

2. Data and Method
2.1. Data

The European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis v5
(ERA5) dataset is utilized in the present study [39]. A version of the dataset with a resolution
of 1◦ × 1◦ in latitude and longitude is used in this study. The data used include the monthly
mean precipitable water and the 2 m temperature (T) and dewpoint temperature over the
43 years from 1979 to 2021. The near-surface vapor pressure (E), saturation vapor pressure
(es), and relative humidity (R) are computed from the data. After translate the T into Celsius
temperature scale, the vapor pressure and saturation vapor pressure are calculated with
a modified Tetens formula, which is

es = 6.112exp(
17.67T

T + 243.5
). (1)

Calculations and plots are performed for all 12 months, and results of 4 months,
including January, April, July, and October, are presented. While using the precipitation of
this reanalysis, we also utilize the monthly precipitation from the CPC (Climate Prediction
Center) Merged Analysis of Precipitation (CMAP) [40], which has a horizonal resolution of
2.5◦ × 2.5◦.

2.2. Method

In the physical expression of vapor pressure, air temperature and relative humidity
are nonlinearly linked, which is

E = es(T) · R. (2)

A method is applied here, which has been utilized in our previous studies for several
different climate issues [35–38]. It uses linear regression to fit the relation between surface
vapor pressure, temperature, and relative humidity as

E = AT + BR + C. (3)

For the general nonlinear relation E = E (T, R), we use the linear regression to fit it.
The regression equations at all grids can pass the 0.01 significance level of the F-test. The
coefficients obtained from the fitting, and the correlation between the two influencing fac-
tors are presented. The meaning of the regression coefficients A and B, through expressing
them as A = ∂E/∂T and B = ∂E/∂R, is that they stand for, respectively, the change rates of E
with respect to T and R.

The standard deviations σT and σR can reflect the scales of the year-to-year perturbations
of T and R. Then, we construct the two measures ST ≡ |∂E/∂T|·σT and SR ≡ |∂E/∂R|·σR,
the products of the change rates and the perturbation scales, to estimate the contributions
of T and R to the variation in E. With the coefficients A and B fitted from the regression, the
two measures can finally be expressed as

ST = |A| · σT and SR = |B| · σR. (4)

The two measures are calculated here to estimate the contributions of T and R to the
interannual variation in E and compare their relative importance. The method is convenient
for assessing the relative importance. Statistical tests of the regression are conducted to
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ensure the reliability of the method. In this study, with the two measures, constructed by
using the coefficients from the fitting along with the standard deviations, the contributions
from the air temperature and relative humidity in the interannual variation in the vapor
pressure are then estimated and compared.

3. Relating the Column-Integrated Water Vapor to the Surface Vapor Pressure

Precipitable water W is the column-integrated water vapor content and is expressed
as W =

∫ ∞
0 (qρ)dz, where q is specific humidity, and ρ is air density. Assuming the

atmosphere is in hydrostatic balance, we may use a pressure coordinate and express it as
W =

∫ ps
0 (q/g)dp, where the surface pressure ps may vary with time and location, and the

gravitational acceleration g can be treated as a constant.
The sigma coordinate σ ≡ p/ps can be used, and the specific humidity can be expressed

as q = εe/p, where e is vapor pressure, and ε is the ratio of the gas constants for dry air to
water vapor. As presented in [21], the W can be converted into the following novel form

W = (ε/g)
∫ σ=1

σ=0
e · d(ln σ). (5)

The vapor pressure e normally has its maximum at the surface and decreases exponen-
tially with the height to zero [41]. Hence, the vapor pressure can be treated as a function
of σ, and an expression e = E·σn is assumed, and n is a constant, which may vary with the
location. After the integration in (4), we finally obtain

W = k · E, (6)

where k = ε/(gn). Equation (6) shows that, as suggested in [21], W can be estimated with
the surface vapor pressure E.

There are two advantages for using the sigma coordinate. One is that, with the
expression (6), the change of the W between two atmospheric states, both temporal and
spatial changes of different scales, can be conveniently calculated. In the conventional
expression with the pressure coordinate, the surface vapor pressure ps varies with time and
location. The second advantage is that, with the relation (6), the surface quantities can thus
be introduced. As will be explained below, when stressing the response of water vapor to
temperature, W may be further linked to the surface-air temperature.

The linkage of the precipitable water W with the surface vapor pressure E can be
understood from the physical concept that the surface vapor pressure can be regarded as
caused by the total water vapor contained in the vertical column, similar to the surface
pressure being caused by the mass of the air column. Here, the condition for the linkage
is that the atmosphere is stable and in hydrostatic balance. As mentioned above, due to
practical needs in an early stage, W has been estimated with the data of surface vapor
pressure and dewpoint temperature [22,23]. In turn, over oceans, surface humidity may
also be inferred from the satellite-observed W [24].

Figure 1 shows the distributions of the correlation between W and surface vapor
pressure E. At the monthly scale, from the globe, the interannual variations in W can be
well represented by the surface vapor pressure. The representation is relatively poor in the
tropics, where the atmosphere may be less stratified and may have more convection. The
areas with insignificant correlation between W and E are much smaller in January than in
July. The positive correlations are significant and strong over the high latitudes of the two
hemispheres for January, April, and October. The correlations can be particularly strong
over land in the mid-high latitudes, e.g., in January, the Antarctic region, Australia, the
Eurasian continent, Greenland, and the North America. In July, over the high latitudes of
northern hemisphere, the correlations are strong over the land of the Eurasian continent,
Greenland, and the North America, while the correlations are insignificant over many of
the regions that are immediately off the coast of these lands.
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4. Variation in Surface Vapor Pressure with Air Temperature and Relative Humidity

The water capacity of air is only reflected by temperature. Furthermore, the water
vapor contained in the near-surface air may significantly be contributed from, and thus be
affected by, surface evaporation. Because of this, surface vapor pressure E is usually linked
to surface-air temperature T through the expression of the saturation vapor pressure.

In the interannual variation in E, if relative humidity R is constant or does not change
much, then we may estimate the vapor pressure from the air temperature. A large year-to-
year perturbation of R may destroy the tightness of the relation between E and T. Whether
the variation in R, over different areas, is large or small should be compared with the
variation in T. Thus, in addition to the air temperature, relative humidity is also treated as
an influencing factor. We could consider the synergistic influences of T and R and compare
their relative importance.

Figure 2 shows the distributions of the correlation between surface vapor pressure E
and surface-air temperature T. In the Southern hemisphere, positive correlations are strong
in high-latitude regions, especially the Antarctic area, for all months. In the Northern
hemisphere, positive correlations are also strong in high-latitude regions, including both
the land and the Arctic Ocean, in January, April, and October. The correlations in July are
less strong. Over the tropics and low latitudes, the correlations are, in general, weak or
negative. Over tropical oceans, correlations are generally insignificant. The correlations
can be significant and negative over many of the land areas, e.g., in January, over Australia,
South Africa, and part of South America.
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Figure 2. As in Figure 1 but between surface vapor pressure E and surface-air temperature T.

Figure 3 shows the distribution of the correlation between surface vapor pressure and
the surface relative humidity. Overall from the globe, correlations are positive and can
be significant. The spatial patterns of the correlation seem to be geographically affected.
The correlations are particularly strong over land, e.g., Australia, South Africa, as well as
the southern part of Eurasia and North America, for all months. The regions where the
correlations are insignificant are generally in narrow belts. For example, the belts appear
north of the Antarctic in April, July, and October, and this may be related to the Southern
Annular Mode [42]. The region of the insignificant correlation appears over the tropical
western Pacific Ocean, and this may be related to the sea surface temperature pattern of the
El Niño–Southern Oscillation (ENSO) [43]. At mid-high latitudes in northern hemisphere,
the areas with insignificant correlations may appear in the middle of continents or coastal
regions. These belts with the insignificance of the relative humidity in influencing the
surface vapor pressure act to separate the regions over the globe, and these regions may
fundamentally belong to different atmospheric circulation regimes.
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5. The Linear Fitting of Surface Vapor Pressure with the Two Influencing Quantities

The relation of E with two influencing factors T and R, as in Equation (2), is nonlinear,
and it may generally be written as E = E(T,R). Previous studies show that, for many
issues, the relations can be linearized, which makes it convenient to estimate the relative
importance of the influencing quantities [36,37]. Herein, we use linear regression to fit the
relation. With the data collected and calculated from the three quantities, the coefficients A
and B, as well as the constant term C, are determined from the fitting. For the nonlinear
issue, statistical test is required to ensure the validation of the linearization.

The distributions of the correlation between the E calculated with reanalysis data and
the E regressed with the linear relation are compared (figures are not shown). In most of
the globe, the coefficient of the multiple correlation can be over 0.99. In some areas in the
high latitudes of the two hemispheres, the correlations are relatively weaker but still can be
greater than 0.90. The reason might be that in Equation (2), E is directly proportional to es
but not T. As a test, to compare with relation (3), a linear regression is also performed to
link E to R and es rather than T. Then the corresponding multiple correlation coefficient can
be over 0.99 in all of the grid points. We also conducted F tests for the coefficients of the
regression, and results show that the tests are significant at a 95% confidence level for all the
grid points (figures not shown). These suggest that the fitting for the issue is robust and that
the linearization is perfect everywhere in the globe. The feasibility of the linearization may
be due to the special form of the nonlinear relation (2). That is, the variable E is a function
increasing with respect to both T and R.

Figure 4 shows the distributions of the coefficients A and B calculated from the data
with linear regression. The coefficient A of surface-air temperature T and the coefficient B
of relative humidity R are similar in spatial patterns. They are both positive, maximal over
the tropics, and decrease with latitude. In the plot of B for January, at high latitudes in the
Northern hemisphere, while relatively the value is slightly positive in most of the region,
there are some small areas where the values are small and negative, and this may be due to
the computational reason for the relative humidity.
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The meaning of the coefficients A and B can be better interpreted through expressing
them in terms of the correlation coefficients and standardized deviations. As derived in [37],
the coefficients can be expressed as

A = r̃ET

√
1− rER2

1− rTR2 (
σE
σT

) and B = r̃ER

√
1− rET2

1− rTR2 (
σE
σR

), (7)

where r̃ET and r̃ER are, respectively, the partial correlations of E with T and R. Two coefficients
rET and rER are corresponding simple correlations, and σE, σT, and σR are standard deviations
of the three quantities. These expressions suggest that the coefficients A and B of the linear
regression proportionally link to the partial correlations, not the simple correlations.

Figure 5 shows the distributions of correlation coefficient between two influencing fac-
tors, the surface-air temperature T and the relative humidity R. Overall, in the globe, these
two quantities can be independent and have significant positive or negative correlations,
depending on the region. The spatial pattern of the correlation shows a seasonal change.
The distributions in January, April, and October are similar. The correlation of T and R is
significant and negative at mid-low latitudes, especially over land and tropical oceans. The
correlation can be significant and positive over the Arctic and Antarctic regions. Over the
middle latitudes of both hemispheres, the correlation is not significant. For July, negative
correlation mainly appears in the Northern hemisphere. Over the Southern hemisphere
and Greenland, the correlation can be positive.
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humidity R.

As will be analyzed in Section 7, Equation (2) can be used to qualitatively examine the
effects of the two influencing quantities. For the positive correlation of T and R over mid-
high latitudes, they may both have positive contributions to the variation in E. However,
whether T or R is more important needs to be further assessed. Differently, for the two
quantities that have negative correlation over the mid-low latitudes, one of them may
have a positive contribution to the variation in E, while the other may have a negative
contribution. When they are negatively correlated, T and R may offset each other. However,
whether T or R dominates the variation in E may be uncertain, and this will be determined
with the data.

The coefficients A and B, as mentioned above, directly link to the partial correlations.
For study, we may qualitatively examine the partial correlations from the original physical
relation E = R·es(T). Taking T as a constant, then E is proportional to R, so the partial
correlation of E with R should be 1. When taking R as a constant, the partial correlation of
E with es should also be 1, whereas the partial correlation with T may not be able to reach 1,
but it can be expected to be rather strong and very close to 1. By using the data of the three
quantities, two partial correlations are calculated. Results show that the partial correlation
of E with R can be over 0.99 everywhere in the globe (figures are not shown). The partial
correlation of E with T can be up to 0.99 almost across the entire field. It is slightly weaker
in some high-latitude areas in the winter hemisphere (figures are not shown).

6. The Dominance of the Two Factors in the Variation in Surface Vapor Pressure

For different nonlinear problems, a simple method was designed, through linear fitting,
and applied to estimate the contributions and their relative importance in the influencing
quantities in our previous studies [35–37]. For the general nonlinear relation E = E(T,R), we
use the linear regression E = AT + BR + C to fit it.

The meaning of the coefficients A and B, through expressing them as A = ∂E/∂T
and B = ∂E/∂R, is that they stand for, respectively, the change rates of E with respect
to T and R. The standard deviations σT and σR can reflect the scales of the year-to-year
perturbations of T and R. Then, we construct the two measures ST ≡ |∂E/∂T|·σT and
SR ≡ |∂E/∂R|·σR, the products of the change rates and the perturbation scales, to estimate
the contributions of T and R to the variation in E. The two measures are calculated here to
estimate the contributions of T and R to the interannual variation in E and to compare their
relative importance.
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For surface-air temperature, standard deviation is small over the mid-low latitudes
and is large over the mid-high latitudes of both hemispheres (figures not shown). The
deviations over the Arctic region and Antarctic region show significant seasonal variations.
The maximal standard deviation of surface temperature appears in the high latitudes in
winter hemisphere. For surface relative humidity, the standard deviation is small over
the oceans and is large over the land of most continents, including Australia, Africa,
Eurasia, North America, and South America. The deviation is not large over the Antarctic
and Greenland, and this may be related to the snow cover there. Compared with the
temperature, the deviation in relative humidity does not tend to vary with latitude.

Figure 6 shows the distributions of ST and SR, the relative contributions from surface-
air temperature and relative humidity. From their spatial patterns, the surface water vapor
E and its year-to-year perturbation σE are both maximal over the tropics and decrease
with latitude (figures not shown). According to Equations (4) and (7), the contributions ST
and SR both have the magnitude of σE. Thus, in Figure 6, ST and SR are both large over
the mid-low latitudes and small over the high latitudes. Their large-value belts both shift
seasonally, from a relatively southern position in January to the northern position in July.
Comparably, the contribution from relative humidity is larger than that from temperature
over mid-low latitudes, especially over land.
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Figure 7 shows the distribution of SR − ST, the difference between contribution from
surface relative humidity and that from surface-air temperature, which reflects the relative
importance of the two influencing quantities. It is revealed that surface relative humidity
can dominate the interannual variation in surface vapor pressure over mid-low latitudes.
The dominance is strong over land, including Australia, Africa, South Asia, South America,
and the southwest portion of the United States. The dominance of relative humidity
also prevails over oceans, including the north Indian Ocean, the tropical western Pacific
Ocean, and the tropical Atlantic Ocean. By contrast, surface-air temperature dominates the
variation in surface vapor pressure over the mid-high latitudes of both hemispheres. The
dominance can be strong in some of the areas there.
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Table 1. The interannual correlations between the precipitation P and surface vapor pressure E (r1),
the P and surface-air temperature T (r2), the E and T (r3), and the E and surface relative humidity
R (r4). These quantities are averaged over the 20 areas selected in Figure 7 for the four months. For
the 43-year variations, the correlation coefficient at the 0.05 significance level is 0.294. The values of
the precipitation averaged over the area and over the month of the 43 years (P, mm/day) are also
provided. For precipitation, while using the ERA5 reanalysis, the CMAP data is also utilized. In
the columns of r1, r2, and P, the results from the CAMP precipitation are given in parentheses. The
correlations that are significant at the 0.05 level are highlighted in bold font. The serial number of
two oceanic areas are marked as blue and those of the two high-latitude areas are marked as red.

Serial Number r1 (P, E) r2 (P, T) r3 (E, T) r4 (E, R) P

1 0.82 (0.87) −0.46 (−0.44) −0.24 0.92 2.09 (2.25)
2 0.95 (0.93) −0.78 (−0.82) −0.71 0.95 3.71 (3.23)
3 0.90 (0.74) −0.15 (0.07) 0.17 0.90 0.88 (0.79)
4 −0.07 (−0.09) 0.31 (0.39) 0.99 0.13 1.74 (2.27)
5 0.14 (0.16) 0.71 (0.65) 0.97 −0.04 1.95 (1.36)
6 0.87 (0.89) −0.57 (−0.52) −0.16 0.89 0.73 (0.76)
7 0.88 (0.86) −0.25 (−0.25) −0.09 0.92 0.98 (1.10)
8 0.89 (0.77) −0.70 (−0.20) −0.21 0.92 1.81 (1.81)
9 0.80 (0.85) −0.67 (−0.60) 0.04 0.83 0.43 (0.53)
10 0.82 (0.91) −0.50 (−0.54) −0.19 0.88 0.20 (0.44)
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Table 1. Cont.

Serial Number r1 (P, E) r2 (P, T) r3 (E, T) r4 (E, R) P

11 0.53 (0.48) −0.72 (−0.62) 0.98 −0.45 6.42 (7.14)
12 0.90 (0.72) −0.81 (−0.30) −0.38 0.87 2.49 (3.02)
13 0.77 (0.76) −0.33 (−0.26) 0.92 −0.3 2.29 (2.19)
14 0.84 (0.75) −0.64 (−0.48) −0.22 0.78 1.85 (2.11)
15 −0.37 (−0.29) 0.62 (0.59) 0.98 −0.42 0.29 (0.14)
16 0.94 (0.95) −0.63 (−0.59) −0.29 0.89 0.47 (0.55)
17 0.90 (0.84) −0.66 (−0.59) −0.49 0.93 1.01 (0.90)
18 0.92 (0.76) −0.43 (0.14) 0.20 0.89 1.33 (1.45)
19 0.90 (0.89) −0.59 (−0.53) −0.10 0.87 1.44 (1.45)
20 0.87 (0.77) −0.73 (−0.57) −0.33 0.80 3.95 (3.90)

7. Comparison with the Qualitative Deduction from the Original Nonlinear Relation

The original physical relation (2) is nonlinear and cannot conveniently provide quanti-
tative results for the dominance. Hence, the linear fitting method is used. For this method,
although quantitative results can be archived, since it is statistically based, we hope that the
results could still be verified. On the other hand, for the original physical relation, although
it is nonlinear, it is special in the form of the function, with E varying with each of T and R
as a monotonically increasing function. Hence, we may deduce qualitatively the relations of
E with each of T and R. Then, with aid of the correlation between two influencing quantities
T and R, some qualitative conclusions may be deduced from the nonlinear physical relation.
A comparison shows that the quantitative results of the dominance determined from the
linear fitting method can be supported by the conclusions qualitatively deduced from the
nonlinear physical relation.

At mid-high latitudes of both hemispheres (except for the Northern hemisphere in
July), with the variations in January over the Arctic region being an example, as revealed
from the data, the two influencing quantities T and R are positively correlated (rTR > 0;
Figure 5). Corresponding to this, Figure 2 shows that T in this region has a strong positive
correlation with E (rET > 0), and Figure 3 shows that overall R may have a positive correla-
tion with E (rER > 0). From the physical relation E = R·es(T), T and R both have positive
relations with E, and thus both have positive contributions to the variation in E. However,
for further analysis, whether T or R contributes more and thus is more important in the
variation in E cannot be identified from this physical relation. Instead, we need to use the
linear fitting method to quantitatively determine the dominance. Figure 7 illustrates that,
for this situation, e.g., over the Arctic region for January, the variation in E is dominated
by T. This suggests that the interannual variation in the surface relative humidity over the
mid-high latitudes is comparably small.

Over the mid-low latitudes, especially over land, the two influencing quantities T and
R are negatively correlated (rTR < 0; Figure 5). The variations in January over Australia
are an example. Correspondingly, Figure 2 shows that, over this region, T has a negative
correlation with E (rET < 0), suggesting that E does not increase with T. Figure 3 shows
that R has a positive correlation with E (rER > 0). From the physical relation, E = R·es(T),
we can infer that, because of the negative effect from T, R should have a strong positive
relation with E, which can offset the negative effect of T. For this situation, the dominance
of these two quantities can be qualitatively deduced from the original nonlinear physical
relation. By using the linear fitting method, the results for the dominance can be quanti-
tatively determined. A comparison indicates that the qualitative deduction supports the
quantitative results. Figure 7 demonstrates that, in this case, e.g., in January over Australia,
the variation in E is truly dominated by R. Thus, the interannual variation in the surface
relative humidity over mid-low latitudes is comparably large.
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8. The Dual Effects of Precipitation on the Dominance of Surface Vapor Pressure over Land

The above analyses indicate that, over land at mid-low-latitude, surface vapor pressure
does not follow surface-air temperature, in their interannual variations, as reflected in
Figure 2. The surface relative humidity may have, relatively, large interannual variations
and thus dominate the variation in surface vapor pressure, as illustrated in Figure 7. To
better understand this issue, in this section, we examine the effects of precipitation over
land through regional analysis.

In Figure 7, we select 20 areas, with 5 for each of the four months. These areas cover
the major positive and negative centers of SR – ST over the globe. There are, in total, for the
four months, 16 land areas at mid-low latitudes. For comparison, we also include 2 land
areas at high latitudes (Area 4 and 13) and 2 ocean areas in the tropics (Area 5 and 15).
The precipitation, surface vapor pressure, surface-air temperature, and surface relative
humidity are averaged over each of the areas, for the different months, while the averaged
relative humidity is calculated with the averaged E and es.

Table 1 presents the 43-year average of precipitation (P), as well as the interannual
correlations between P and E (r1), P and T (r2), E and T (r3), and E and R (r4). For the
data on precipitation, while using the ERA5 reanalysis, we also utilize the CMAP analysis.
The results from the CMAP data are provided in parentheses. Comparisons show that, for
the 20 areas, the values of precipitation P obtained from the two datasets are consistent
in magnitude. The values for each of the correlations r1 and r2 with the two datasets are,
overall, rather consistent both in sign and in magnitude.

The precipitation over land at mid-low latitudes may have dual effects. One is to
influence the surface vapor pressure. In rainy years, the wet land surface may lead to more
evaporation from the surface, which can help the near-surface air obtain more moisture.
It is shown in Table 1 that the correlations of precipitation with surface vapor pressure
(r1) are positive over all of the 16 land areas at mid-low latitudes, for both precipitation
datasets. The correlation is significant, at a 95% confidence level, for all of the 16 areas with
both precipitation data.

The other effect of land precipitation is to influence surface-air temperature. In rainy
years, since more energy received by the surface is consumed for evaporation, there is less
energy left behind, as sensible heat to warm the air, which may lead to a lower surface-air
temperature. Among the 16 land areas at mid-low latitudes, as shown in Table 1, the
correlations of precipitation with surface-air temperature (r2) are all negative in ERA5
datasets, and there are 14 negative correlation areas for CMAP precipitation data. The
negative correlation is significant for 14 areas with the ERA5 precipitation and 11 areas
with the CMAP precipitation. There is only one area (area 3) where the precipitation and
the surface-air temperature have a positive correlation, but it is not significant for either
precipitation dataset.

As a result of the dual effects from the land precipitation, i.e., the precipitation can
increase the near-surface moisture but lower the air temperature, the surface vapor pres-
sure and surface-air temperature may tend to be negatively related. Among the 16 land
areas, in Table 1, the correlation r3 is negative for most areas. The negative correlation is
significant in Area 2, 3, 8, 12, 17, and 20. Thus, over mid-low-latitude land, the effects of
the precipitation make the surface vapor pressure and surface-air temperature disobey the
Clausius–Clapeyron equation.

The preference of the negative relation between E and T controlled by precipitation
implies that, from the physical relation E = R·es(T), surface relative humidity R can be
positively related with surface vapor pressure E and thus dominates the variation in E.
Table 1 shows that the correlation of surface vapor pressure with relative humidity (r4)
is over 0.80 in all of the 16 areas and is over 0.90 in 12 areas. The correlations of surface
vapor pressure with relative humidity are much stronger than its correlations with the
air temperature in magnitude. These results suggest that the surface relative humidity, as
reflected by its dominance, may have relatively large interannual variations over mid-low-
latitude land.



Atmosphere 2022, 13, 1171 14 of 17

For the two areas on land at high latitudes, Area 4 and 13, Table 1 shows that the
precipitation on land has less influence on surface vapor pressure and air temperature.
Unlike mid-low-latitude lands, the surface vapor pressure in high-latitude land areas has
strong positive correlations with air temperature, and, correspondingly, the surface relative
humidity can remain interannually stable. For the two areas in tropical oceans, Area 5
and 15, the correlations r1 and r2 are all positive and strong. While precipitation over
the ocean may have certain influence on the surface-air temperature, it is more likely
that precipitation is the result of surface vapor pressure and air temperature and thus
can indicate their variations. The surface vapor pressure over ocean areas has positive
and strong relations with surface-air temperature. Although surface relative humidity
also has contributions, the variations in surface vapor pressure are dominated by surface-
air temperature.

9. Summary and Discussion
9.1. The Linkage between Precipitable Water and Surface Vapor Pressure

Water vapor is important to precipitation and climate change. Water vapor content
is generally maximal at near-surface level and decreases with altitude. The surface vapor
pressure and the precipitable water, the column-integrated water vapor, are two quantities
commonly used for assessing the moisture condition of the atmosphere. In this study,
we focus on the interannual variation and explore whether surface vapor pressure can
reflect the precipitable water firstly. If the interannual variations in precipitable water and
surface vapor pressure are consistent, the response character of surface vapor pressure to
the temperature can reflect that of the column water vapor content.

The surface vapor pressure can be used to represent precipitable water in many areas.
By using a sigma coordinate, the vertical integration for calculating W can be easily linked
to a surface quantity, i.e., the surface vapor pressure. We thus establish the simple relation
between W and E. The condition for the relation is that the atmosphere is in hydrostatic
balance, and it is stratified with no convection. The physical basis for the linkage is that
the surface vapor pressure is the force exerted on the surface by the total water vapor
contained in the vertical column. Results show that the correlations of monthly W and E
are positive and significant over most of the areas in the globe, especially at the mid-high
latitudes of both hemispheres. The relation is weak in some tropical ocean areas and, in
boreal summer, some areas at high latitudes. In most areas out of tropics, the interannual
variation in surface vapor pressure can well reflect that of precipitable water.

9.2. The Response of Vapor Pressure to Temperature

How tightly the surface vapor pressure can be linked to the surface-air temperature, as
well as whether the interannual variation in relative humidity is high when compared with
the interannual variation in surface-air temperature, is explored. Surface vapor pressure is
generally linked to surface-air temperature due to saturated water vapor pressure. When
linking E to the temperature, the expression contains surface relative humidity. If R does
not change much, one may use surface-air temperature and the C–C relation to estimate E
under global warming. If the variation in R is large, E may not well follow the variation
in surface-air temperature. In the variation in vapor pressure, whether R has a large or
small variation needs to be assessed by comparing it with the variation in T. Thus, relative
humidity is treated as an influencing quantity. Then the synergistic influences of T and R
are examined, and their contributions are estimated, to determine the dominance of these
two quantities in the interannual variation in surface vapor pressure.

The original physical relation is nonlinear, and it cannot be used directly to quan-
titatively determine the relative importance. Statistical fitting is then used to linearize
the relation. A significance test shows that the fitting is robust and that the regression
effect is perfect everywhere in the globe. In general, two influencing factors T and R, as
revealed from the data, may have different relations. They can be independent, positively
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or negatively correlated. Nevertheless, two coefficients in the linear fitting are linked to the
partial correlations, not the simple correlations, of E with T and R.

The relative importance of the two influencing factors is finally determined from two
measures that are constructed with the coefficients of linear fitting. The results of the
dominance estimated with the linear fitting method show that surface-air temperature
dominates the interannual variation in surface vapor pressure at mid-high latitudes and
that the surface water vapor can follow the temperature close to the C–C equation. Surface
relative humidity dominates the variation in vapor pressure at mid-low latitudes, especially
on land, and the relation between surface water vapor and temperature tends to deviate
from the C–C equation.

The linear fitting method can provide quantitative results, and the method has been
applied in our previous studies for the dominance analysis. However, we still hope that
the reliability of the results could be verified. The original physical relation, in spite of the
nonlinearity, is simple and special as a function. From the physical relation, we can deduce
some qualitative statements for dominance. A comparison shows that these statements can
support the results obtained from the statistical method. At mid-high latitudes, based on
the positive correlation of two influencing factors calculated from the data, the physical
relation suggests that T and R both have positive contributions to the variation in E. At
mid-low latitudes, with the negative correlation between T and R, it can be inferred from
the physical relation that, when E decreases with T, the E must have a strong positive
relation with R, thus R dominates the variation in E.

Precipitation is introduced to understand the dominance of surface relative humidity
in the variation in surface vapor pressure on land at mid-low latitude. Calculations reveal
that the precipitation on land exhibits dual effects. One is to increase the surface vapor
pressure. The other is to decrease the surface-air temperature. In rainy years, besides the
direct cooling effect of precipitation, since more energy is consumed for evaporation, there
is less sensible heat left to warm the air, which may lead to a lower surface-air temperature.
Due to the effects of precipitation, the C–C relation, which means the vapor pressure follows
temperature with a rate near 7%/K, is broken.

The quantitative analysis of the dominance of T and R on the variation in E helps
understand the response of surface water vapor to temperature in different areas and can
provide an advisable reference for the water vapor change under greenhouse warming.
Precipitation on land is taken as a case to explain the breaking of the C–C relation between
vapor pressure and temperature in some areas. The transport of moist air from wet areas
could play a similar role and can also break the C–C relation between E and T. Hence, in
some areas, the C–C relation between vapor pressure and temperature may be affected by
monsoons, and the relation between water vapor and temperature are influenced by the
intensity of monsoons. The specific reasons and physical processes in different regions will
be analyzed in future work. The interannual variation in near-surface water vapor pressure,
temperature, and relative humidity is studied in this paper. The interannual variation
may reflect the sensitivity of water vapor to temperature in different areas. Whether
the long-term response of water vapor to temperature also conforms to the interannual
characteristics will be also examined in the future work.
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