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Abstract

In this work, water vapor radiative effect (WVRE) is studied by means
of the Santa Barbara’s Disort Radiative Transfer (SBDART) model, fed with
integrated water vapor (IWV) data from 20 ground-based GPS stations in Spain.
Only IWV data recorded during cloud-free days (selected using daily insolation
data) were used in this study. Typically, for SZA = 60.0 &+ 0.5° WVRE values
are around —82 and —66 Wm~2 (first and third quartile), although it can reach
up —100 Wm 2 or decrease to —39 Wm 2. A power dependence of WVRE on
IWYV and cosine of solar zenith angle (SZA) was found by an empirical fit. This
relation is used to determine the water vapor radiative efficiency (WVEFF =
OWVRE/JIWYV). Obtained WVEFF values range from —9 and 0 Wm™?mm~*
(—2.2 and 0 %mm™" in relative terms). It is observed that WVEFF decreases
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as IWV increases, but also as SZA increases. On the other hand, when relative
WVEEFF is calculated from normalized WVRE, an increase of SZA results in an
increase of relative WVEFF. Heating rates were also calculated, ranging from
0.2 Kday ! to 1.7 Kday '. WVRE was also calculated at top of atmosphere,
where values ranged from 4 Wm™2 to 37 Wm 2.

Keywords: short-wave, radiative effect, radiative efficiency, water vapor,

IWYV, Iberian Peninsula.

1. Introduction

The climate system is interactive, and all its elements (atmosphere, Earth’s
surface and biosphere) are interconnected (Denman & Brasseur), 2007)). Water,
presented in its three states in the Earth-atmosphere system, is one of the el-
ements of paramount importance. Water vapor is acknowledged as the most
important atmospheric greenhouse gas, and although it is not directly involved
in climate change since its concentration is regulated by temperature more than
anthropogenic emissions, it causes a positive radiative feedback on climate sys-
tem (Colman, 2003]).

Currently, the radiative effect of water vapor is considered a feedback rather
than a forcing, since the water vapor concentration is mainly dependent on the
temperature on a global scale, and the typical residence time of water vapor
is ten days Myhre et al.| (2013)). For these reasons, anthropogenic emissions
of water vapor have a negligible impact on global climate. The main anthro-
pogenic impact in water vapor content is due to the emission of other greenhouse
gases, which cause temperature increase and therefore an increase in water va-
por content (Santer et all |2007). Emissions in the stratosphere, however, can
be considered as a forcing (Smith et al., |2001; [Forster & Shine}, 2002; |Zhong;
& Haighl 12003; [Solomon et al., |2010)), because in the stratosphere water vapor
emissions (i.e., caused by stratospheric flights) manage to stay in the long term.

Water vapor in the atmosphere can be quantified using the column integrated

amount of water vapor (IWV), which is equivalent to condensing all the water
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vapor in the atmospheric column and measuring the height that it would reach

in a vessel of unit cross section. It can be measured in columnar mass density

(gem™2 or kgm™2) or in length (height) units (mm) (Romén et al., [2015). The

instantaneous water vapor radiative effect (WVRE) at surface is defined as the

net change in short-wave (SW) solar radiation at surface taking as reference a

dry atmosphere (adapted from [Mateos et all [2013a). It can be also calculated

at top of atmosphere (TOA) (WVRErop). Therefore, water vapor efficiency
(WVEFF) can be defined as the variation on WVRE that is caused by an
increase of 1 unit of atmospheric water vapor, that is to say, the first derivative
of WVRE with respect to IWV.

In this work, the WVEFF focused on the SW range is analyzed using a
radiative transfer code fed with IWV data recorded from several GPS ground-

based stations in the Iberian Peninsula. Although other works have studied the

change in surface radiation due to water vapor (Soden et al., 2002; Di Biagio|
et al) 2012; Roman et al., [2014), none quantifies nor analyzes the WVEFF or
WVRE and its dependences on IWV and SZA, as it has already been done
for clouds (Mateos et all [2013b| [2014Db)), aerosols (Mateos et al.l [2013a], [20144)
and ozone (Antén & Mateos, [2013} |Antén et al. [2016). This paper aims to be

useful for a better understanding of the individual contributions of water vapor
to the radiation budget in the Iberian Peninsula, and evaluate the WVEFF
under different conditions of SZA and IWV in this context. Knowledge about
surface energy balance sensitivity to variations of IWV is important to assess

the system’s response to future climate changes.
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2. Integrated Water Vapor data

IWV data used in this work were recorded from 20 GPS Spanish stations
located mostly in the Iberian Peninsula (see Figure [I] and Table [I). For a
full description of the method to derive IWV data from GPS, refer to |Bevis
et al.| (1992)). In the process of positioning a GPS ground-based station, the
fundamental idea is to determine the distance to several GPS satellites in order
to triangulate the receiver position. The distance is obtained by measuring the
time that the microwave signals take from GPS satellites to GPS receivers. The
signals, however, suffer some delays along their way. One of those delays is
called the slant tropospheric delay (STD), which is caused by the tropospheric
gases. STD is due to two contributions, one related to water molecule’s dipolar
momentum, slant wet delay (SWD), and a non-dipolar contribution, due to all

gases (including water vapor), which is known as slant hydrostatic delay (SHD)

STD = SWD + SHD (1)

Such delay can be converted to zenith tropospheric delay (ZTD) by applying
mapping functions. Mapping functions are different for SHD and SWD, but they

are similar, so an approximation can be made

STD = myet (B)ZWD + myy qyostatic(F)ZHD = m(E)ZTD (2)

ZTD = ZHD + ZWD (3)

If pressure at surface is known, ZHD can be modeled, and ZWD obtained from

subtracting ZTD minus ZHD. ZWD is proportional to IWV

ZWD = kTWV (4)

The constant x can be determined from the mean temperature of the atmo-
sphere weighted by the water vapor content. This mean temperature can be
estimated from an empirical relationship if temperature at the station level is

known.



69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

The dataset used in this work covers from 2007 to 2015. Spanish Geographic
Institute “Instituto Geografico Nacional”, which is a local analysis center for
the European Reference Frame (EUREF), provided the tropospheric products.
Surface pressure and temperature, needed to retrieve IWV from ZTD products,
were provided by the Spanish Meteorological State Agency (AEMet). The tem-
perature was interpolated to the time of measurements linearly, and pressure
was interpolated as well, taking into account the barometric tide. The IWV

dataset obtained has already been used in other works to perform validation

exercises on satellite IWV data such as [Romdn et al.| (2015); Bennouna et al.|

(2013); [Vaquero-Martinez et al.| (2017aljb)).

Daily insolation data were provided from AEMet as well. Insolation is di-
vided by the theoretical insolation in a cloud-free situation to obtain an insola-
tion factor. In order to filter out cloudy cases or cases with a significant load

of aerosol days with an insolation factor below 0.75 (75%) were not considered.

World Meteorological Organization| (2008)) recommends using a 0.70 threshold

to filter out cloudy scenes, so 0.75 is a proper threshold to remove both cloudy

scenes and heavy aerosol load situations.
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Figure 1: Location of the twenty stations selected. Coastal station are written in red and

inland stations in blue.



Station Acronym Latitude Longitude Altitude

(°N) CE)  (m)
A Coruna acor 43.36 -8.40 12
Alicante alac 38.34 -0.48 10
Almeria alme 36.85 -2.46 7
Burriana borr 39.91 -0.08 22
Céceres cace 39.48 -6.34 384
Ceuta ceul 35.89 -5.31 53
Cérdoba coba 37.92 -4.72 162
Huelva huel 37.20 -6.92 29
Ledn leon 42.59 -5.65 915
Logrono rioj 42.46 -2.50 452
Mallorca mall 39.55 2.63 62
Salamanca sala 40.95 -5.50 800
San Fernando sfer 36.46 -6.21 4
Santander cant 43.47 -3.80 48
Sonseca sons 39.68 -3.96 755
Teruel teru 40.35 -1.12 956
Valencia vale 39.48 -0.34 28
Valladolid vala 41.70 -4.71 766
Vigo vigo 42.18 -8.81 33
Villafranca vill 40.44 -3.95 596

Table 1: Location of GPS stations considered
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3. Water vapor radiative effect

SW irradiances at surface were simulated by means of Santa Barbara’s DIS-
ORT Radiative Transfer model (SBDART), under cloud and aerosol free con-
ditions using a radiative transfer solver with 4 streams. Detailed information
about this radiative transfer code can be found in Ricchiazzi et al.| (1998]). This
model was fed with hourly IWV data, recorded during cloud-free days. Addi-
tionally, total column ozone (daily means from ERA-Interim Reanalysis) and
surface albedo (monthly means from ERA-Interim Reanalysis) were used as in-
put in the simulations. For more information on ERA-Interim Reanalysis, refer
to Dee et al.| (2011). The spectral region considered ranges from 0.2 pm to
4.0 pm. The wavelength step chosen was 0.50%, as a compromise between com-
putational economy and precision. This becomes steps ranging from 0.001 pym
up to 0.02 um. The atmosphere models (McClatchey et al., [1972) used were
SBDART’s mid-latitude summer from March to August (both included) and
mid-latitude winter, for the rest of the year. The water vapor profile and ozone
profile are re-scaled to the total IWV and total column ozone that the model
is fed with. Thermal radiation is not considered in these computations, since it
is negligible in the wavelength range considered. The model was run twice for
each hourly GPS measurement: once with all data mentioned above and other
with the same data except for water vapor, which is set to 0 cm. This allows
to obtain the WVRE as the difference between the net (downwards minus up-
wards) irradiance at surface simulated under an atmosphere with water vapor

and the net irradiance assuming no water vapor.

WVRE = (SWiLWV - SWITWV) - (SWiOIWV - SWlolwv) (5)

At surface, this equation can be written as WVRE = (1—«) (SW%WV - SWiOIW\,).

Because SW radiation comes from the sun, nighttime (SZA > 90°) WVRE is

automatically set to zero, without running the radiative transfer model. The
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heating rates can be obtained using the expression from Liou| (2002])

oT _ g ASW (6)
ot C, Ap

where T is the temperature, ¢ is the time, g = 9.81 ms~2 is the gravitational
acceleration, Cj, ~ 1004 Jkg='K~! is the specific heat of dry air, SW is the net
flux in the range mentioned above, and p is the pressure. In this study, the
water vapor heating rate is calculated for the whole atmospheric column, which
is the difference in heating rates between an atmosphere with water vapor and
a dry atmosphere.

Once the WVRE is obtained, it is possible to calculate the water vapor
efficiency (WVEFF) as the partial derivative of WVRE with respect to IWV,

OWVRE
oIWV @

if a functional form for WVRE depending on IWV is suggested. This ef-

WVEFF =

ficiency is a relevant magnitude to analyze the sensitivity of WVRE values to
IWYV changes in SW radiation, reporting about the relationship between the
absolute variations (in physical units) in WVRE and IWV values. Thus, this
magnitude can be useful to quantify the impact of IWV increases (associated

with the global warming) on net solar radiation at surface and TOA.
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4. Results and discussion

4.1. Sensitivity study

In order to account for the effects that the uncertainties of the input vari-
ables may have on the WVRE computation, a sensitivity analysis have been
performed. For these computations, several IWV and SZA values were used (see
Figure . Both albedo and total column ozone were considered, with extreme
values of both. In the simulations with extreme albedo values, an intermediate
value of ozone (319 DU) was used, while for simulations with extreme ozone
values, an intermediate value of albedo was used (0.160). Mid-latitude winter
atmosphere profile was used.

The differences betweeen extreme values of albedo and ozone are shown in
Figure[2] A change in albedo from its minimum to its maximum value produces a
small but noticeable change in WVRE (up to around 8 Wm™2). This represents
less than 5% (if using the mean value as reference). However, changes in ozone
values are not important, always under 0.24 Wm™2 (less than 1.5%).

Regarding SZA and IWV sensitivity, Figure [3] shows the relative difference
(or error) associated to an increase of 0.5° of SZA (top) or 1 mm of IWV
(bottom). The differences are below 3.5% for both the change in SZA and IWV.
However, in most cases differences are under 1%. The absolute differences are

under 3.5 Wm™2 for SZA errors and 6 Wm~2 for IWV errors.

4.2. Spatial variability

In order to study the differences between stations, some statistics have been
calculated for a SZA window of (60.0 + 0.5)°, shown in a box-plot in Figure
The SZA window reduces the variability due to SZA, which allows a clearer anal-
ysis of the spatial differences. It can be observed that all stations present simi-
lar values, although coastal stations generally have higher IWV (because of the
proximity to water masses) and stronger WVRE (because of the higher IWV).
The first and third quartiles of WVRE are around —86.3 and —71.0 Wm~2, al-

though some of them can reach up to —100.0 Wm™2 or decrease to —38.7 Wm 2.

10
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Figure 2: Sensitivity analysis of albedo and ozone. Differences between WVRE obtained
using maximum and minimum values of albedo (0.146 and 0.187) and ozone (228 and 493
DU) have been calculated for several SZA and IWV values. Circles are differences of WVRE

with different albedo and triangles are differences of WVRE with different total column ozone.

SD is around 10 Wm™2, while the coefficient of variation (CV) is around 7%.
The distributions are quite symmetric, since the median and the mean are quite
similar for every station. Mateos et al.| (2013b)) obtained SW radiative forc-
ing in Granada for clouds and aerosols (SZA of 60°), reporting —50 Wm~2
and —19 Wm™2, respectively, and —69 Wm™?2 for the combined effect of both
clouds and aerosols. In the mentioned work, experimental data was used, and
an empirical model was used to estimate cloud free radiation. The model was
dependent on SZA and aerosol optical depth steps. This result shows that wa-
ter vapor could have a greater radiative effect than clouds and aerosols in the
Iberian Peninsula. On the contrary, the role of water vapor is claimed to be
minor in the mentioned study. This could be related to the fact that maximum
IWYV considered was 25 mm, while in the present study around 20% of the data
are beyond that limit. Moreover, the reference was 5 mm, instead of a totally

dry atmosphere. Around a 3% of the IWV data in the present study are below

11
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this value. Additionally, it is important to notice that while there are situations
where there are no clouds, there are no situations with no water vapor at all, so
the radiative effects of both clouds and water vapor are difficult to compare in
a real situation.

IDi Biagio et al.| (2012) obtained values for WVRE in the artic region between

—100 and —20 Wm~2. This is somewhat below the values obtained in the
present study, probably due to the fact that in the artic region, IWV is smaller
(1 — 16 mm), and SZA values are greater as well.

Because the results show that WVRE distribution does not have a significant
spatial dependence, in the following subsections all stations will be averaged

together.

13
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Figure 5: Boxplot of heating rates according to seasonality and hour of the day.

4.3. Water vapor effect on heating rates

Water vapor effects on heating rates, which are the difference between the
heating rates (see Equation@ with and without water vapor, show a strong de-
pendence on the hour of the day and the season. Generally, they range between
from 0.2 Kday ' to 1.7 Kday ™~ '. The seasonal and hourly dependence can be
observed in Figure |5} DJF values are always under 1.0 Kday ', while JJA can
reach 1.5 Kday ' in the central hours of the day. MAM and SON exhibit in-
termediate values in these hours. It must be noticed that the minimum values

are in the four seasons quite similar, around 0.3 Kday ~!. This is a quite strong

value if compared with aerosols, as shown in |Valenzuela et al| (2012)), where
-1

aerosol heating rates are reported to be always below 0.3 Kday

4.4. Empirical model for WVRE

The results of WVRE for every hour show a high degree of correlation with
IWV and SZA (more concisely, with g = cos SZA), as shown in Figure @ On

the one hand, the amount of water vapor will obviously have an impact on SW

14
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radiation at surface: the higher the IWV, the stronger the abortion effects. On
the other hand, SZA has a double effect. First, optical mass increases with
SZA, increasing radiative effect. Additionally, the larger the SZA is, the smaller
the intensity of incoming radiation on a horizontal surface, due to the stronger
absorption by other atmospheric gases and the geometric effect caused by non-
verticality.

Because of the linear behavior of the log-log plots in Figure [6] the best fit

appears to be the one shown in Equation

WVRE = —a - IWV®y¢ (8)

which can be linearized for a multi-linear regression in the form of Equation [J]

log [WVRE]| = log(a) 4+ blogIWV + clog(u) (9)

In these equations, WVRE is in Wm™2 and IWV in mm. Similar em-
pirical models have been proposed for other atmospheric gases (i.e. ozone,
see Madronich| (2007)). The result of this multi-linear model gives a Pear-
son’s Coefficient of R? = 0.997. The coefficients are log(a) = 4.144 + 0.001,
b =0.2661 £ 0.0003 and ¢ = 0.7679 £ 0.0003.

This model represents an empirical formula for WVRE depending on u,
the cosine of SZA, and IWV. Black, dashed lines in Figure [6] represent this
fit for SZA = 30.05° and SZA = 50.05° (left) and for IWV = 25.05 mm and
IWV = 40.05 mm (right), with very good agreement.

In this model, the physical meaning of the slope b is the ratio between relative
changes in WVRE and relative changes of IWV. For small changes of IWV, we

can derive b from Equation [8 as

, _ AWVRE/WVRE
T ATWV/IWV

This means that a change of 1 % in IWV would cause a change of b % in

(10)

WVRE, that is to say, ~ 0.27 %. The interpretation of b is similar to that of

the Radiation Amplification Factor (RAF) used as a measure of sensitivity of

15
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ultraviolet solar radiation to changes in total ozone column (McKenzie et al.|
1991)).

Normalized WVRE (100% - WVRE/ (SWiOIWV - SW;EOIWV)) is between
—6.9 and —28.1%. The same approach can be followed with this variable. The
multi-linear model gives good results (R? = 0.9891), with log(ay) = 1.7374 +
0.0004, by = 0.2826 £ 0.0001 and cy = —0.3252 £ 0.0002.
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4.5. Water vapor efficiency calculation

The empirical model obtained in the previous section can be used to obtain
water vapor radiative efficiency (WVEFF) as the derivative of WVRE with
respect to IWV (see Equation [7)).

WVRE
IWV

WVEFF has been calculated for some different SZA bins. The result is
shown in Figure [, where WVEFF is plotted against SZA (a) and IWV (b). It

WVEFF = —a - p¢-b-TWV* ™t = (11)

can be noticed that in all cases WVEFF decreases as SZA increases, and for a
certain value of SZA, WVEFF decreases as IWV increases. Figure[7|(b) shows
that WVEFF decreases as IWV increases, very sharply at small IWV, while
saturating for greater IWV. For a fixed value of IWV, WVEFF decreases as
SZA increases. A similar dependence of clouds radiative efficiency on SZA was
observed in Mateos et al. (2014b)), although the functional form was different.
WVEFF dependence on SZA can be explained in the following way: vertical so-
lar irradiance decreases with SZA, decreasing the amount of radiation available
for water vapor to absorb, and therefore decreasing its efficiency. Nevertheless,
there could be a second order effect, as water vapor optical mass increases with
SZA, increasing the extinguishing power of water vapor, but this is not notice-
able in these results. However, using the same approach for normalized WVRE
as for WVRE, as shown in Figure[7] (c) and (d), we can eliminate the first effect
and the second is revealed. In Figure [7|(c), it can be seen that the dependence
on SZA is weaker as IWV increases, due to the saturating effect of high IWV.
As an increase of SZA causes an increase in the water vapor optical mass, if
IWYV is already large the saturation causes small values of WVEFF.

Figure [§| shows a time series of WVEFF and IWV. The WVEFF values are
typically around —8 and 0 Wm™?mm, and normalized WVEFF between —2
and 0 %/mm. It can be observed that for small IWV, WVEFF is stronger.
Therefore, the annual and diurnal cycle of WVEFF is related to IWV and
modulated by SZA.

18
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4.6. Effects on top of atmosphere

The WVRE and WVEFF has also been calculated at TOA (WVRETop and
WVEFF1op). Figure [4] shows the boxplots of WVREop for every station.
The variability is quite small, varying from 11.3 to 21.3 Wm™2. If the relative
WVRETop is calculated, the values are between 1.7 and 5.7%. These small
values are expected, since the downwards flux is the same with and without
the water vapor, and the upward fluxes are small in both cases. The small
normalized values are explained taking into account that the neat flux without
water vapor is quite similar at top of the atmosphere and at surface (maximum
variation are around 6 %). So the denominator is similar in both cases, whil
the numerator (WVRE) is smaller at TOA than at surface. The influence of
albedo in WVRErop is more important than at surface. The reason is that the
downwards fluxes are the same with and without water vapor, so they cancel out,
so the upwards fluxes (which depend on albedo) are the main contribution to
WVRErop. The values are always positive. Therefore, a empirical expression

for WVRETop as a function of SZA, IWV and albedo can be found:

WVRErop = arop - IWVITOP yeror gdror (12)

Correlation is R? = 0.9931, and the coefficients are log(arop) = 4.567 +
0.003, brop = 0.2264+0.0003, crop = 0.8785+0.0003 and drop = 0.933+0.002.
The linear relationship and the effect of albedo can be noticed in Figure [0

Using the same methodology, WVEFF1op = btop%- The depen-
dence of WVEFFTop on SZA and IWV is quite similar to the observed for
WVEFF in Figure [7] but the scale is different: WVEFF1op ranges from 0 to

1.6 Wm?mm™! and in relative terms, from 0 to 0.3 %mm™!. The effect is

weaker at TOA than at surface, both in absolute and relative terms.

5. Conclusions

In this work, WVRE under cloud-free conditions has been obtained from

radiative transfer model SBDART in the context of the Iberian Peninsula. Val-
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Figure 9: WVRE against IWV (up) and p (down) in a log-log plot. The legends show the
intervals of SZA and IWV values considered.
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ues, for 59.5° < SZA < 60.5°, are between —100.0 (for IWV = 39.8 mm) and
—38.7 Wm~2 (for IWV = 1.4 mm) , which points out the high radiative effect
related to the water vapor. All stations considered showed similar values of
WVRE, although slight differences could be noticed between coastal and in-
land stations. Heating rates were also calculated, being always between 0.2 and
1.5 Kday . Moreover, a power relation between WVRE and p and IWV has
been proposed, with a high degree of correlation. The same approach has been
followed for normalized WVRE, with similar results.

Then, from the proposed empirical relation, WVEFF has been found, by
applying the first derivative of WVRE with respect to IWV. WVEFF showed a
decrease with increasing IWV, sharply at small IWV and saturating for greater
IWV. This happens because the more water vapor in the atmosphere, the more
radiation is absorbed by it, and thus less radiation is available for the lower
layers of water vapor to absorb. This results in a decrease of efficiency.

With increasing SZA, WVEFF decreases, in a relatively steady manner.
When SZA increases, the incoming radiation is smaller, and thus efficiency
is diminished. WVEFF values are around —8 and 0 Wm™2mm~! (—1.8 and
0 %/mm™1).

Following the same approach as before, relative WVEFF was calculated from
normalized WVRE. It showed a similar relation with IWV, but an opposed
relation with SZA: increasing SZA resulted in higher relative WVEFF. When
SZA increases, water vapor’s optical mass increases, increasing its efficiency.

The effect of water vapor was also analyzed at TOA, where it is positive
and weaker than in the surface. For 59.5° < SZA < 60.5°, it goes from 11.3
(for IWV = 1.44 mm) to 20.3 Wm~2 (for IWV = 39.8 mm). The influence
of albedo is higher and was included in the empirical formula. The behaviour
of WVEFFop is similar to WVEFF, but positive and much weaker, ranging
between 0 and 1.6 Wm™?mm~! (0 and 0.3 %/mm™1).
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