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[IpuBOASTCS OLICHKH JIMHEHHBIX TPEHIOB KOMIIOHEHTOB BJIarooOMeHa MEXIy OKeaHOM M arMocdepoil (McnapeHws,
OCaJIKOB U UX Pa3HOCTH — 3(P(EKTUBHOrO MCIApEeHUs), TEMIIEPATyphl BO3IyXa, TEMIIEPaTyphbl MIOBEPXHOCTH OKeaHa
0 TaHHBIM apxuBa Reanalysis-2 ¥ HHTETpaIbHOTO BIIATOCOACPKAHUS arMoc(epsl 0 JaHHBIM CITYTHHKOBOTO apXHBa
REMSS PMWC 3a nepuon 1988—2016 rr. OT™MedaeTcst HHTEHCH(HUKALNSA POCTa KOMITOHEHTOB BIIarooOMeHa HadMHAs
¢ 2012 rona. IlokazaHo, 9TO KOTMYECTBO BBHIMABIINX OCAIKOB HaJ MHPOBEIM OKEaHOM PACTeT OBICTpee WCHapeHHs Ha
1.1 mm/ron, uto coctasuser 35 % ot akTudeckoro TpeHaa yposHs Muposoro okeana (3.1 mm/ron). Ha ocHoBe ana-
n3a 6e3pa3MepHBIX TPEHAOB YCTAHOBIICHO, YTO TPEH]I BO BIArOCOACPKAHUU aTMOC(eph! IIOYTH B JBa pa3a MPEBHIIACT
TPEH]I B TEMIIepaType Bo3ayXa HaJl MHpPOBBIM OKEaHOM. DTO 03HAYaeT, YTO JIOJITOBPEMEHHbIE (TPEHIOBBIC) H3MECHEHUS
BJIATOCOZICPIKAHMS 3aBUCAT, IPEIKIIE BCETO, OT BEPTUKAIBHOTO BIIaro0OMeHa OKeaHa ¢ arMocdepoid, a He OT I100aIbHOTOo
moreruteHus. C 2012 roma pocT BIarocomepKanus olepekaeT pocT TeMITepaTypsl Bo3ayxa Ha | rox. IlosTomy Bmaroco-
JepyKaHue aTMOC(EpHI SIBIAETCS He TOJIBKO KIIIOYEBBIM CIESICTBHEM ITpoLecca No0aIbHOTO MOTEIUICHNUS, HO U (aKTOpOoM,
ero (hOPMHUPYIOITIM.

KaroueBble ciioBa: ucmapeHue, OCaJku, BJIAarocoACpiKaHuc aTMOC(l)epI)I, MHpOBOﬁ OKCaH, TPCHIbI, n1obanbHOE
IIOTCIIJICHUC.
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The linear trends in the components of ocean-atmosphere moisture exchange (evaporation, precipitation and their
difference — net evaporation), air temperature, and sea surface temperature are estimated based on the data of the archive
Reanalysis-2 and the data from the REMSS satellite archive on integral atmospheric total precipitable water for the period
of 1988—2016. An intensification of growth of moister exchange components has been observed since 2012. The results
showed that the amount of precipitation over the global ocean is growing faster than evaporation by 1.1 mm/year, which is
35 9% of the actual global sea level trend (3.1 mm/year). The analysis of dimensionless trends showed that the trend in total
atmospheric precipitable water is almost twice as high as the trend in air temperature over the global ocean. This means
that the longterm (trend) changes of precipitable water depend primarily on the vertical air-ocean moisture exchange and
not on the global warming. Since 2012 the growth of amount of precipitable water is 1 year ahead of air temperature. Thus
the characteristics of atmospheric total precipitable water is not only a key consequence of the global warming process,
but is also its forming factor.
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Introduction. Vertical moisture exchange between the ocean and the atmosphere, representing the two
opposite moisture fluxes (evaporation and precipitation), until now remains the most difficult element of the
hydrological cycle [1, 2]. The difference "evaporation minus precipitation” (E-P) is the link between the water
balance of the atmosphere and the freshwater balance of the upper ocean layer. Let us write the equation of
atmospheric water balance in the integral form [3]:

6—W+diVF+aﬂ+divo:E—P. (1
ot ot

Here W — total precipitable water of atmosphere ("precipitated water"), ' — vertically integrated horizontal
total flux of water vapor. W — atmosphere moisture content (in clouds), F, — horizontal flux of liquid-drop
moisture. Value of W _is at least one order of magnitude less than W, thus it can be neglected together with
divF without a significant loss of accuracy. The value of divF, based on the Ostrogradsky—Gauss theorem,
is interpreted as the difference between the transfer of atmospheric moisture beyond the considered water area
(territory) and the introduction of moisture inside. For the global ocean as a whole, the outflow of water vapor
predominates over its introduction, and for a long period of time the value of divF corresponds to the total
inflow of fresh waters (rivers, ground and glacial waters) to the sea.

In present, a significant number of reanalysis archives are known, containing estimates of evaporation
and precipitation over the ocean surface. Naturally, the question of evaluating the accuracy of the calculated
characteristics is of fundamental importance. In foreign studies, the estimation of their accuracy is carried
out mainly at a qualitative level by calculating the divergences of the moisture exchange components from
different archives with each other. However, comparison of the calculated characteristics of one archive with
unknown errors with the characteristics of another archive, but also with unknown errors, can hardly allow
to reliably estimate the quality of the product and reveal its disadvantages. Obviously, for this purpose some
physical criteria should be applied. The simplest equations are the equations of freshwater (2), thermal (3)
global ocean water budgets which for a long time period in the stationary approximation have the form [3]:

E*-P*=Q,, @)

R*:LE*(1+B0*), 3)
where Qg[ — global fresh water inflow to the ocean (river, ground and glacial waters); R — radiation balance
at the sea surface; LE — heat losses on evaporation; Bo — the Bowen ratio (Bo = H/LE); H — turbulent air-
sea exchange; and the index "*" means the average over the global ocean water area. Note, that in equation (3)
heat fluxes at lateral boundaries with land and sea bottom are equal to zero. Since H is an order of magnitude
smaller than LE, even marked errors in the values of H can not significantly affect the accuracy of LE. In
equation (2) le is determined with the highest accuracy, and in equation (3) all parameters are determined
much more accurately than evaporation.

So, the system of simple balance criteria allows to easily control the components of moisture exchange in
the global ocean-atmosphere system. Unfortunately, for regional scales and shorter time periods, the accuracy
of the moisture exchange components can only be controlled at a qualitative level. It is much easier to achieve
accuracy of the estimates of atmospheric total precipitable water (TPW), which is directly measured from
satellite data with an average error ¢ = 1.0 mm, which does not exceed several percent of TPW values [4].

The paper [3] presents the following "reference" estimates based on climate data in the early 1990s:
net evaporation — 13 cm/year, evaporation — 140 cm/year, precipitation — 127 cm/year. In present, these
estimates can be adjusted on the basis of modern data on global ocean heat balance. The paper [5] provides the
estimates of the global ocean heat balance components calculated for 43 climate models of the CMIP5 project
and averaged over a five-year period (2000—2004). The average estimates for the whole complex of models
are R* = 120.3 W/m?, LE* = 104.8 W/m?, H* = 13.6 W/m?. Proceeding from this, from the Eq. (3) we get
E* =133 cm/year, which almost coincides with the direct estimate of evaporation £* = 134.4 cm/year. Taking
up le =12 cm/year [6], we get from (2) P* =121 cm/year. Thus, new "reference" estimates are: net evaporation
— 12 cm/year, evaporation — 133 cm/year, precipitation — 121 cm/year.

A comparison of data for global ocean evaporation and precipitation for 2002—2008 for eight different
types of reanalyses presented in [7] showed that the estimates of net evaporation are very low. Moreover,
they are negative for four reanalyses types (MERRA, R2, ERA-40, CFSR), i.e. precipitation is greater than
evaporation, which is absurd from the physical point of view. According to ERA-40 precipitation exceeds
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evaporation by 38 000 km?*/year, or by 10.5 cm/year. Given the relatively short calculation period these
estimates can only be considered as approximate. More accurate estimates of evaporation and precipitation
were obtained in [8] where they were calculated for 12 types of reanalyses for a 35-year period (1979—2014).
Evaporation and precipitation means are 129 and 118 cm/year, which is somewhat lower than their "reference"
values. The data on evaporation and precipitation from the MERRA (115 and 104 cm/year) and JRASS (146
and 134 cm/year) archives have the largest deviations from the "reference" estimates, although the difference
E* - P* in both cases almost corresponds to the O , value. Only for one archive — ERA-40 the difference
E* - P* was negative. This means that given the significant extension of the evaporation and precipitation
time series, their mean annual values for most reanalysis archives approach the physical accuracy criteria.
But this does not mean high accuracy of the interannual variability of moisture exchange components. There
is a significant dispersion for various archives even in linear trends: from overestimated positive to negative
values [2, 7, 9, 10]. In this regard, the main goal of this paper was to analyze the trends in components of the
atmospheric water balance over the global ocean.

Results and discussion. The archive of atmospheric total precipitable water (TPW) was used, the data set
is constructed using RSS Version-7 microwave radiometer total precipitable water (TPW) data (also referred
to as total columnar water vapor). The input microwave data are processed by Remote Sensing Systems with
funding from the NASA MEaSUREs Program and from the NASA Earth Science Physical Oceanography
Program [11]. The archive (ftp://ftp.remss.com/vapor/monthly 1deg/) contains a series of average monthly
TPW values since 1988 on 1x1° grid and is constantly updated.

Evaporation, precipitation and other characteristics of ocean-atmosphere interaction were determined
using the archive data of NCEP-DOE Atmospheric Model Intercomparison Project (AMIP-II) reanalysis
(Reanalysis-2) [12]. This archive is constantly supported and is among the most reliable. From this archive the
average monthly values of the characteristics at nodes of a 2.5%2.5° geographic grid were selected for the open
ocean. It should be noted that the preliminary averaging of all the mean monthly fields into the five-degree
"squares" was performed. After that the values were averaged for 5-degree latitudinal zones of the ocean and
the entire global ocean water area. It is important that the TPW values are independent of the characteristics
from another archive.

The calculations showed that the average long-term values of £* and P* for 1988—2016 are 137.0 and
128.7 cm/year respectively, i.e. they are slightly higher, and net evaporation (8.7 cm/year) is slightly lower than
the reference values. Fig. 1 shows the interannual variation of the global ocean evaporation and precipitation.
Both time series have a pronounced positive trend. In this case, the trend for precipitation is 4.0 mm/year,
and for evaporation — 2.9 mm/year (Table). Since the amount of precipitation over the sea grows faster than
evaporation, the trend in net evaporation is negative. This means that a sea level rise by 1.1 mm/year corresponds
to the decrease in net evaporation by 1.1 mm/year. Consequently, the contribution of net evaporation to the
actual rise of sea level (3.1 mm/year) reaches 35 % and is comparable in its significance to the contribution of
steric fluctuations [13].

We should note that in [1] according to the data of Reanalysis-1 [14] similar calculations were carried
out for evaporation and precipitation over the global ocean for the period of 1980—2005. It was shown that
the trend for precipitation is 4.2 mm/year, and for evaporation — 3.6 mm/year, i.e. net evaporation was —
0.6 mm/year. Obviously, in recent years an effect of ocean-atmosphere moisture exchange on the sea level
has been intensified and at the same time an outflow of water vapor resulting flux from sea to land has been
decreased.

Fig. 2 shows the interannual variation of net evaporation and atmospheric total precipitable water over
the global ocean for 1988—2016, and their oppositely directed trends. Net evaporation (resulting moisture
flux to land) decreases rapidly at a rate 7 = —1.1 mm/year. Thus, during the considered 29-year period net
evaporation has decreased by 3.2 cm, which is over 25 % higher than the average Qg[. In fact, this means a
significant drying up of the land and an increase in water resources scarcity. As for TPW, it grows at a rate of
Tr=0.57 mm/10 years.

In principle, one way of an independent assessment of the accuracy of the global net evaporation trend is
to compare it with the trend of «globaly» surface salinity. Unfortunately, this is currently impossible because
of the absence of the time series of global salinity annual values. Trends in salinity are considered mainly at
a qualitative level, i.e. in the form of maps [15—17], and the important regularity is the focal character of the

30



145

—_ —_
) P
W (=)

E, P, sm/year
I
S

125

120

115

T T
[ (= N < \O
0 =) =) (=N N
N N N N N
— — — — —

1998 -

P=0.40t+122.7

E=0.29¢+132.8

R*=0.58
R R
o (o] < O 0 (=) (o] <t
S o o S S = = =
(=] (=) (=) (=) (=) (=) (=) (=
N N N N N N N N
Year

2016 -

K ouneHke TpeH10B...

Fig. 1. Interannual variation of precipitation (/) and evaporation (2) over the global ocean
according to the data of Reanalysis-2 archive for 1988—2016.

Puc. 1. MexromoBoii xon ocaakos (/) u ucnapenus (2) (cm/rox) Hag MUPOBBIM OKEaHOM
o 1aHHbIM apxuBa Reanalysis-2 3a 1988—2016 rr.

Trend equations, estimates of determination coefficients and trend index
for the ocean-atmosphere system characteristics for 1988—2016

YpaBHeHHUsI TPEH/I0B, OlleHKN K03 (PUIMEHTOB IeTEPMUHAIINN ¥ HH/eKca TPeH/1a
JJISl XapaKTepPUCTUK CHCTEeMBbI OKeaH-aTMoc(hepa 3a nepuon 1988—2016 rr.

Table 1

.. . . . Trend index, %
Characteristics Trend equation Determination coefficient 100 (an/X_)
TPW* 0.057 ¢ +27.095 R*=0.82 5.91
AT* 0.018¢+16.74 R*=0.72 3.07
SST* 0.017 t+17.19 R*=0.71 2.83
E* 0.286 t+132.8 R*=0.51 6.05
P* 0.403 ¢+ 122.7 R>=10.58 9.08
E*—p* —0.116 £ +10.12 R*=10.62 40.1
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Fig. 2. Interannual variation of net evaporation (/), cm/year and atmospheric total
precipitable water over the global ocean (2), mm/year for 1988—2016.

Puc. 2. MexronoBoit xox 3peKTuBHOTO HcTapeHus (/), CM/ToA, ¥ BIarocoIepKaHus
armocdepsr W*(2), mm/ron, Han MupoBbIM okeaHoM 3a 1988—2016 rr.
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trend spatial distribution. As a consequence, when they are averaged over the entire global ocean the global
trend may become insignificant. A comparison of trends in salinity and £ - P is also shown in the form of
maps [17, 18], which does not allow for quantitative conclusions. Perhaps the situation will fundamentally
change with the accumulation of satellite data on salinity. The newest version of the Aquarius satellite covers
the period of weekly observations of global salinity from September 2011 to May 2015. The monthly salinity
values from SMOS (Soil Moisture and Ocean Salinity) are available for 2010—2014. Obviously, these periods
are too short for the trend estimation.

As follows from the Fig. 2 since 2008 there has been an acceleration in the growth of TPW. What are
the reasons for TPW rapid growth? According to the IPCC experts [19], «water vapor concentration rise
is a key consequence, but not the reason of a global warming process and, therefore, is entirely due to a
positive feedback between them». Indeed, there is a high correlation between the air temperature (AT) and
TPW. However, the correlation shows only the strength of the connection, but not the causal nature of the
relationship between the variables. Obviously, the unilateral influence of AT on TPW can not be claimed based
on their positive feedback. It is the water vapor that is the dominant greenhouse gas [20] that can influence AT
through the greenhouse effect. Therefore, on the one hand, with an increase of global air temperature there is a
certain TPW rise, on the other, the growth of TPW through the greenhouse effect leads to temperature rise.

Since a direct comparison of TPW and AT trends is impossible due to their different dimensionality, we
reduce them to the dimensionless form [21]. This can be done with the trend index, representing a ratio of the
trend span to its average value and is expressed in percent, i.e.:

I =100a,n/X,,.

Here a, — trend value, n — length of time series, X, — trend average. In fact, the trend index is a kind
of analog of the coefficient of variation used to compare the variability of characteristics having different
dimensions.

Table presents the trend equations, estimates of determination coefficients and the trend indices for various
characteristics of the ocean-atmosphere system for the period 1988—2016. All the trends indicated in the table
are significant according to Student's test at the significance level a = 0.05. TPW has the maximum coefficient
of determination, and for the evaporation it is the lowest. When the net evaporation (for which a high value
of I to a certain extent is due to the low mean value) is not considered, then the trend index is the highest
for precipitation (9.0 %), almost the same for evaporation and TPW (6.0 and 5.9 %) and is the lowest for
SST and AT (2.8 and 3.1 %). In fact, this means that the long-term (trend) changes in TPW depend first of all
on the vertical ocean-atmosphere moisture exchange, and not on global warming. In this regard, the weight
of evidence suggests that TPW is not only a key consequence of the global warming process, but is also its
forming factor.

Conclusions. The calculations showed that the growth of global ocean moisture exchange components
has accelerated. The trend for precipitation and evaporation for the period of 1988—2016 was 4.0 and
2.9 mm/year. Consequently, in recent years the effect of the ocean-atmosphere moisture exchange on the
global ocean level has intensified and at the same time the outflow of the resulting water vapor flux from
ocean to land has decreased. The contribution of net evaporation to the actual increase in global sea level
(3.1 mm/year) reaches 35 %.

Analysis of dimensionless trends showed that the trend index is the highest for precipitation (9.0 %), almost
the same for evaporation and total precipitable water (6.0 and 5.9 %) and is the lowest for SST and AT (2.8 and
3.1 %). In fact, this means that the long-term (trend) changes in TPW depend, first of all, on the vertical ocean-
atmosphere moisture exchange, and not on global warming. In this regard, the weight of evidence suggests that
TPW is not only a key consequence of the global warming process, but is also its forming factor.

The research results (trend assessment for some characteristics of air-ocean interaction, Table) were obtained in
frames of the Government order of Federal Agency for Scientific Organizations of Russia (Theme Ne 0149-2018-0014).
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