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Ab stract—The most com mon meth ods for study ing the vari abil ity of ocean pa ram e ters are field mea -
sure ments and nu mer i cal mod el ing. Due to the in suf fi cient avail abil ity of ocean mea sure ment data, it is
not al ways pos si ble to ver ify the re li abil ity of mod el ing re sults. Changes in tem per a ture and sa lin ity of
the At lan tic Ocean wa ter masses at 26.5° N in the re cent 30 and 70 years are es ti mated. The es ti ma tion is 
based on the data of SODA, ORAS4, ECCO, GECCO reanalyses, EN4 and WOA13 ob jec tive anal y ses, 
and six reg u lar ocean o graphic sec tions. In 1992 to 2016, all reanalyses sim u late an in crease in tem per a -
ture and sa lin ity of sur face wa ter for the en tire sec tion, which is con sis tent with field data. On av er age,
the reanalyses over es ti mate tem per a ture by 0.1–0.3°C and sa lin ity by 0.02–0.05 psu. The clos est val ues
to field data are re pro duced by the ORAS4 reanalysis and EN4 ob jec tive anal y sis. Trends in tem per a -
ture and sa lin ity co in cide best with the EN4 re sults.         
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IN TRO DUC TION

One of the ma jor prob lems of ocean stud ies is the in suf fi cient vol ume of field data for many ocean ar eas
far from the shore, es pe cially at large depths. De spite a great num ber of ex pe di tion ary and au ton o mous
mea sure ments, the North At lan tic is not an ex cep tion, be cause ob ser va tions at stan dard ocean o graphic sec -
tions from the shore to the shore suit able for as sess ing changes in the deep wa ter char ac ter is tics are con -
ducted once a year at best. As the nu mer i cal mod el ing de vel oped, reanalyses be came widely used. They
provide in for ma tion on the ocean pa ram e ters with var i ous spa tial (usu ally 0.25°–1°) and tem po ral (usu ally
monthly) res o lu tion. The use of dif fer ent ini tial data and bound ary con di tions leads to am big u ous re sults.
Reanalyses are a con ve nient tool for es ti mat ing long-term changes in thermohaline char ac ter is tics of wa ter
masses; how ever, there are very few stud ies (for ex am ple, [3, 8]) which com pare reanalyses with each other 
and with the re sults of field mea sure ments. 

The ob jec tive of the pres ent pa per is to es ti mate long-term vari a tions in tem per a ture and sa lin ity in the
North At lan tic by an ex am ple of the trans at lan tic sec tion along 26.5° N. To achieve the above goal, it is
nec es sary to com pare reanalyses with each other and with the data of reg u lar ocean o graphic sec tions in or -
der to cor rob o rate the cor rect ness of sim u la tion of po ten tial tem per a ture and sa lin ity by reanalyses for the
whole sec tion and for dif fer ent wa ter masses as well as the di rec tion of their trends. 

The North At lan tic was cho sen for the study be cause this is the re gion with the larg est avail able vol ume
of field data. In par tic u lar, the sec tion along 26.5° N was se lected due to the pres ence of reg u lar high-prec-
ision mea sure ments from 1992 till now; con tin u ous au ton o mous mea sure ments have been car ried out there
in the frame work of the RAPID pro gram [11] since 2004. The po si tion of ex pe di tion ary sec tions slightly
deviates from the po si tion of the reanalysis sec tion due to a com plex tra jec tory of the sec tion (the dif fer ence 
is to 2° of al ti tude). Here in af ter, the term “sec tion” is used both for ocean o graphic sec tions and for the sam -
ples of reanalyses data along ~26.5° N.

Two time pe ri ods were cho sen for the com par i son: 1992–2016 and 1955–2016. The first pe riod co in -
cides with the pe riod of reg u lar field mea sure ments (ap prox i mately once in six years), the sec ond pe riod is
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in ter est ing for study ing long-term changes in tem per a ture and sa lin ity; most stud ies [4, 6, 9, 13, 14] cover
the en tire time in ter val. 

Ac cord ing to the re sults of nu mer ous stud ies since 1955, a trend to ward the warm ing has gen er ally been
ob served for the up per 3000-m layer of the North At lan tic [4, 9, 13]. The main con tri bu tion to the ocean
heat con tent in crease is made by sur face wa ter; how ever, the warm ing trend is ob served in deeper lay ers as
well. It should be noted that in most pa pers [8–10, 14], the ex plored North At lan tic lay ers whose bound aries 
are sit u ated at the depth of 500, 700, 1000, and 3000 m do not cor re spond to wa ter masses [11]; there fore, it
is not al ways pos si ble to re veal trends in wa ter mass char ac ter is tics con fi dently. 

Ac cord ing to data pre sented in [10], in 1955–1998 a sig nif i cant in crease in the heat con tent of the up per
3000-m layer of the North At lan tic amounted to 4.8  ́1022 J; this cor re sponds to the tem per a ture rise by
0.095°C that is two times lower than ac cord ing to data pre sented in [4]. The au thors of [13] based on mea -
sure ment data only and made a con clu sion about the warm ing in the up per 3000-m layer of the North At lan -
tic with the rate of 0.012 ± 0.009°C per de cade in 1955–2000.

The authors of [7] studied salinity variations in the Atlantic Ocean using the data of quasimeridional
sections averaged over the periods of 1955–1969 and 1985–1999. According to these data, northward of
40° N average salinity decreased by 0.03 psu. At 26° N, in the upper 1000-m layer (surface and inter-
mediate waters) salinity significantly increased by 0.03–0.5 psu with the maximum near the surface, while
temperature grew in the upper 2000-m layer to 1°C with the maximum at the depth of 800–1000 m. 

Ac cord ing to [10], an in crease in the heat con tent of the up per 700-km layer amounted to 
36.  ́1022 J/100 years or 0.27°C/100 years. In ac cor dance to [9], heat con tent in crease for the whole layer
of 0–1450 m ex ceed ing 6 ́  1018 J/year was ob served at 26° N in 1955–2003. Trends to wards the warm ing
that reaches the max i mum val ues close to the sur face are ob served in the At lan tic Ocean from 10° to 30° N
[9]. 

Pa per [8] is one of the few pa pers deal ing with the intercomparison of reanalyses; it stud ied the North
At lan tic heat con tent vari a tions for the pe riod from 1955 to 2013 based on EN4.0.2, ORAS4, and ECDA
reanalyses with the res o lu tion of 1° and on the SODA 2.2.8 reanalysis with the res o lu tion of 0.5°. The
SODA, EN4, and ORAS4 reanalyses re pro duce a roughly iden ti cal in crease in the heat con tent for the up -
per 700-m layer: ~3 ́  1022 J that is slightly smaller than the value pre sented in [10]. 

The au thors of [14] note the salinization of the up per 500-m layer in the trop i cal re gion by 0.07 psu
per 40 years (1957–1996). Study [5] in di cates the salinization of the layer of 0–1500 m (sur face and
intermediate water) in the area of 40° N in the North At lan tic in 1955 to 1998, with the lin ear trend of
0.0005 psu/year. The au thors of [6] an a lyzed vari a tions in tem per a ture and sa lin ity at the sec tion along
24.5° N for 1957–2004. The warm ing and salinization of the layer of 500–1750 m with the rate of
0.0065°C/year and 0.0004 psu/year, re spec tively, were reg is tered. 

Study [15] de scribed tem per a ture rise in the in ter me di ate and deep lay ers by 1°C/100 years in
1957–1998 which was cal cu lated from the data of field sec tions along 24° N in the North At lan tic. 

The au thors of [2] used ocean o graphic sec tions to com pute trends in po ten tial tem per a ture for Ant arc tic
in ter me di ate wa ter (AAIW) for 1920–1990. In 1957–1981 tem per a ture rise at 24° N was equal to
0.75°C/100 years in the west ern part of the At lan tic ba sin and 0.048°C/100 years in the east ern part of the
ba sin. The re spec tive val ues for 1981–1992 are 0.3°C/100 years and 1.621°C/100 years. Ac cord ing to [7],
AAIW sa lin ity dropped by 0.02 psu in 1969–1999. 

In 1957–2004, according to [6], the layer deeper than 1760 m was cooled with a trend of
–0.0021°C/year and was desalinated with the rate of –0.0003 psu/year. In opinion of the authors of [13],
the warming in the layer of 1000–3000 m by 0.1 ± 0.021°C was also registered during the same time
period. Based on measurement data, the authors of [12] detected a trend towards an increase in potential
temperature in the core of Antarctic bottom water (AABW) in the South Atlantic in the Vema Channel
since 1972 (~0.05°C/100 years). The authors of [1] used data of field measurements at 8° S for the period
from 1957 to 1994 to estimate temperature and salinity variations in AABW: by –0.063°C and 0.001 psu 
per 100 years.

Thus, most au thors state the trend to wards the warm ing in the sub po lar North At lan tic in the re cent
70 years both for the en tire layer and for sep a rate wa ter masses. 

DATA AND METHODS

Data of four reanalyses and two ob jec tive anal y ses were used for the com par i son. Reanalyses uti lized
data on the fluxes of heat and mo men tum and fresh wa ter flows on the bound aries, whereas the ob jec tive
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anal y ses were ob tained us ing the spatiotemporal in ter po la tion alone, with out con sid er ation of the ocean
dynamics. Here in af ter, for ease of pre sen ta tion, the term “reanalyses” is ap plied to the ob jec tive anal y sis as
well. 

The ORAS4, SODA, and ECCO reanalyses uti lize dif fer ent mod els and dif fer ent ini tial thermohaline
data and data on at mo spheric flows. The GECCO reanalysis uses a model sim i lar to ECCO but based on the 
four-dimensional com pu ta tion scheme. This sys tem dif fers from the three-dimensional one, dur ing cal cu la -
tions it as sim i lates not only sur face val ues but also bottom profiles of tem per a ture and sa lin ity (Ta ble 1). 

To ob tain a more de tailed pat tern of tem per a ture and sa lin ity vari a tions for the en tire sec tion as well as
to iden tify rea sons for the warm ing (cool ing) and salinization (de sa li na tion), the main wa ter masses were
an a lyzed sep a rately. The bound aries of wa ter masses are sim i lar to those used in [11] in the frame work of
the RAPID pro ject:

—sur face wa ter (SW): 0–800 m;

—Ant arc tic in ter me di ate wa ter (AAIW): 800–1100 m; 

—up per North At lan tic deep wa ter (uNADW): 1100–3000 m;

—lower North At lan tic deep wa ter (lNADW): 3000–5000 m;

—Ant arc tic bot tom wa ter (AABW): >5000 m.

Mean tem per a ture and sa lin ity were cal cu lated by the spa tial av er ag ing over the sec tion area. The time
se ries of av er age an nual tem per a ture and sa lin ity for 1992–2016 were con structed for the com par i son with
the data of reg u lar field mea sure ments. The study uti lizes CTD mea sure ments at the ocean o graphic sec tion
A05 which were car ried out along ~25° N with the six-year pe ri od ic ity: in Au gust 1992, Feb ru ary 1998,
April 2004, Feb ru ary 2010, Jan u ary 2011, and Jan u ary 2016. At each sec tion, ~100 sta tions are lo cated, the
av er age dis tance be tween the sta tions is ~0.5°. 

The lon ger se ries based on the SODA, ORAS4, EN4, World Ocean At las (WOA13) reanalyses for the
pe riod from 1955 till now were con structed to com pare reanalyses and to es ti mate changes in the pa ram e -
ters. The WOA13 was ap plied for the com par i son as the most widely used source of ini tial data for nu mer i -
cal mod els; it rep re sents the fields of ob jec tive anal y sis of thermohaline data av er aged over six de cades. 
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Ta ble 1. The char ac ter is tics of reanalyses and ob jec tive anal y ses (EN and WOA) used in the pres ent study

Pa ram e ter ORAS4 SODA ECCO GECCO EN WOA

Ver sion
De vel oper

Model
Cal cu la tion pe riod
Reanalysis type
Spa tial res o lu tion
Num ber                    
of ho ri zons
Last ho ri zon, m
Source of data

At mo spheric
fluxes
As sim i la tion of
SST and ice

4
Eu ro pean    
Cen tre for    
Me dium-

range Weather
Forecasts

(ECMWF)
NEMO 3.0
1958–2009

3D
1° ́  1°

42

5350
EN3v2

ERA-40,
ERA-Interim

ERA-40,   
NCEP OI v2

2.2.4
Uni ver sity

of Mary land

MOM5
1871–2010

3D
0.5° ́  0.5°

50

5375
WOD09

20CRv2

ICOADS 2.5

GODAE v3.xx
Na tional

Ocean o graphic 
Part ner ship

Pro gram
(NOPP) 

MITgcm
1992–2002

3D
1° ́  1°

23

5450
WOCE cli ma -
tol ogy, Argo,

WOCE

 NCEP

Reynolds/TIM/
AMSR-E SST

1
Na tional

Ocean o graphic
Part ner ship

Pro gram
(NOPP) 

MITgcm
1952–2001

4D
1° ́  1°

23

5450
CTD,

MBT/XBT,
Argo,

ToGA/TAO

NCEP-1

AMSR/E/TMI
SST

4.2
U.K.

MetOffice

–
1900–2017

4D
1° ́  1°

42

5350
WOD13
ASBO,
GTSPP,

Argo

–

–

2013v2
 Na tional

Oceanogra- phic 
Data    Cen ter

(NODC/NOAA)

–
1955–2012

–
0.25° ́  0.25°

102

5500
WOD13

–

–



Three cor rec tions were ap plied for the ac cu rate com par i son of tem per a ture and sa lin ity com puted from
data of reanalyses and sec tions. It should be noted that the value of cor rec tions is very sig nif i cant and com -
pa ra ble with the vari a tion range of char ac ter is tics. 

The cor rec tion for the sec tion po si tion was ap plied only for the data of field sec tions. To cal cu late it, the
mean val ues of tem per a ture for the sec tion along 26° N and for the sec tion be ing max i mally close to the real 
co or di nates of the an a lyzed sec tion were com puted us ing SODA reanalysis data. The cor rec tion rep re sents
a dif fer ence be tween the ob tained val ues. 

The cor rec tion for a month when the sec tion was per formed, was ap plied only to the data of field sec -
tions. This cor rec tion is used for re duc ing the value for a par tic u lar month to the av er age an nual value; it
was cal cu lated from the SODA reanalysis data. 

The cor rec tions for the en tire sec tion are pre sented be low (the nu mer a tor gives the cor rec tion for the
sec tion po si tion, and the de nom i na tor pro vides the cor rec tion for a month):

Month

Tem per a ture, °C
Sa lin ity, psu

Au gust 1992

0.1438/–0.0497
0.0072/0.0037  

Feb ru ary 1998

0.0638/0.0239
0.0054/–0.0056

April 2004

0.0487/0.0444
  0.0061/–0.0029

Feb ru ary 2010

0.1113/0.0132
0.0140/0.0035

Only the val ues which cor re spond to the ho ri zons of reanalyses were taken from the data of the real sec -
tion to cal cu late the cor rec tion for ir reg u lar ity of reanalyses data. Then the whole sec tion was re trieved
from the se lected val ues by the bilinear in ter po la tion. This cor rec tion is a dif fer ence in the av er age val ues
of tem per a ture and sa lin ity be tween the real and re trieved sec tions. For ex am ple, in 1992 the cor rec tion for
ir reg u lar ity of tem per a ture data for the whole sec tion was 0.037°C. 

The value of cor rec tions for sur face and in ter me di ate wa ters reaches 0.4°C and 0.04 psu. The cor rec -
tions for deep lay ers do not ex ceed 0.07°C and 0.02 psu for uNADW, they are by an or der of mag ni tude
smaller for deeper lay ers. 

RE SULTS AND DIS CUS SION

The anal y sis of tem per a ture and sa lin ity dy nam ics is pre sented for two pe ri ods. In 1992–2016, the
ocean o graphic sec tion along 26.5° N was per formed ev ery six years that al lows an a lyz ing trends in
thermohaline pa ram e ters of wa ter masses dur ing that pe riod and com par ing them with reanalyses data
(GECCO and ECCO reanalyses cover only a part of this time pe riod). The pe riod of 1958–2016 was in ter -
est ing for the anal y sis of long-period changes, this pe riod is cov ered by most reanalyses. 

Tem per a ture and sa lin ity vari a tions in 1992–2016. Sur face wa ter (the layer of 0–800 m) is the most
vari able layer. The max i mum range of interannual temperature vari a tions is 0.37°C in reanalyses (EN4)
and 0.44°C in field data. The reanalyses dem on strate an in tense warm ing dur ing 2000–2005. The sta ble
warm ing is ob served for the whole an a lyzed time pe riod (see Fig. 1a), which is cor rob o rated both by
reanalyses and mea sure ments: +0.33°C for the EN4 and +0.18°C for the SODA. In terms of ab so lute val -
ues, tem per a ture is the clos est to the EN4 and ORAS4 data. This may be as so ci ated with the fact that the
EN4 is the ob jec tive anal y sis of ob ser va tional data and the ORAS4 uti lizes its pre vi ous ver sion EN3. 

Be sides the di rect at mo spheric ef fect, high vari abil ity of tem per a ture in the layer of 0–800 m is as so ci -
ated with os cil la tions in the At lan tic me rid i o nal over turn ing cir cu la tion (AMOC) [11]. For ex am ple, a sig -
nif i cant de crease in the trans port in the lower cell of AMOC cor re spond ing to lNADW was ob served in
2010. In opin ion of the au thors of [11], this should cause the strength en ing of the eddy trans port in sur face
water, hence,  tem per a ture de creases in this layer. This ef fect is clearly ob served in field mea sure ment data
ob tained in 2010 and 2011; how ever, it is poorly sim u lated only by the EN4 reanalysis, which means the
ab sence of the phys i cal re la tion ship be tween AMOC and the sur face layer in the mod els. De spite high vari -
abil ity of tem per a ture, a high co ef fi cient of cor re la tion be tween reanalyses is ob served in this layer (up to
0.9). 

Sa lin ity in this layer is char ac ter ized by more com plex vari a tions (Fig. 2a), and the cor re la tion be tween
reanalyses is al most ab sent. How ever, reanalyses and field data dem on strate sa lin ity growth by 0.2–0.6 psu
dur ing the whole an a lyzed pe riod. 

Ac cord ing to field data and ORAS4, EN4, and SODA reanalyses, there is no strongly pro nounced trend
in tem per a ture vari a tions in AAIW (800–1100 m). An in sig nif i cant warm ing by 0.08–0.12°C is ob served
dur ing the en tire an a lyzed pe riod, which is how ever com pa ra ble with the am pli tude of tem per a ture fluc tu a -
tions. The GECCO reanalysis in this layer pro vides sig nif i cantly over es ti mated val ues (by more than 1°C)
and the con fi dent warm ing by 0.3°C dur ing 1992–2002. The ECCO re pro duces an in sig nif i cant warm ing
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till 1997; then, tem per a ture drops by 0.2°C till 2003 that con tra dicts the other reanalyses. The EN4 sim u -
lates the low est val ues be ing the clos est to field data. Sa lin ity vari a tions in this layer have a sim i lar pat tern
to tem per a ture vari a tions. Over the en tire pe riod,  salinization and de sa li na tion are ob served only from
GECCO (till 2002) and ECCO (till 2003), re spec tively. 

In the uNADW layer, all reanalyses over es ti mate tem per a ture as com pared with field data by 0.1°C on
av er age. The sig nif i cant tem per a ture and sa lin ity vari a tions for the whole time in ter val are ab sent both in
reanalyses and field data. The GECCO re pro duces lower sa lin ity than the other reanalyses but it agrees best 
with field data. 

In the NADW layer, the val ues of tem per a ture and sa lin ity be ing the clos est to field data are sim u lated
by the ORAS4 and EN4 (Figs. 1b and 2b). The other reanalyses over es ti mate tem per a ture by 0.04°C and
sa lin ity by 0.012 psu on av er age. The close val ues of tem per a ture and sa lin ity to field data in the ORAS4
may be caused by the use of the EN3 as ini tial data. For this layer, the EN4 de serves spe cial at ten tion, be -
cause its re sults dem on strate that the val ues of tem per a ture and sa lin ity reg u larly ap proach field data in the
years of reg u lar sec tions and the values are close to ex pe di tion ary data. 

In the AABW layer, the EN4 data also ap proach field data. The ORAS4 re pro duces in sig nif i cant drops
in tem per a ture and sa lin ity over the en tire an a lyzed pe riod, un like the other reanalyses. The clos est val ues
to field data for tem per a ture are sim u lated by the ECCO and GECCO and those for sa lin ity are re pro duced
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Fig. 1. Av er age po ten tial tem per a ture of (a) sur face wa ter, (b) lower North At lan tic deep wa ter, (c) and the en tire sec tion de -
rived from (1–5) reanalyses and field data (sec tion A05, the crosses). Reanalyses data here and in Fig. 2: (1) ORAS4; (2)
SODA; (3) GECCO; (4) ECCO; (5) EN4.2.



by the ECCO, GECCO, and EN4. In gen eral, ob ser va tional data dem on strated the 0.015°C warm ing and in -
sig nif i cant de sa li na tion. 

The reanalyses results are “separated” from observational data for the whole section (Figs. 1c and 2c).
On average, all reanalyses overestimate temperature by 0.1–0.3°C and salinity by 0.02–0.05 psu. The lowest
temperature and salinity are reproduced by the EN4 which fits best field data. This is caused by the lower
values in deep layers as well as by the described artificial rapprochement of the results to field data in the
lNADW and uNADW layers. According to field data, a decrease in temperature and salinity is observed in
2010–2011, which is perhaps associated with the described weakening of AMOC [11]. The EN4, ORAS4,
and SODA simulated an increase in average temperature for the entire section by 0.05–0.07°C over the
whole analyzed period; according to observational data, the increase amounts to 0.05°C. The salinity
growth is 0.005–0.013 psu according to the EN4, ORAS4, and SODA data and 0.001 psu according to
observational data. 

Besides the analysis of variations in mean temperature and salinity of water masses and the entire section,
the objective of the present study is to assess the quality of reanalyses in simulating temperature and salinity
trends. The standard deviation of results of reanalyses (in the section year) from field data was calculated
to evaluate the simulation of the absolute values of temperature (Table 2). The EN4 data agree best with
observational data. The low values of the standard deviation for temperature are observed for the SODA
(except SW and lNADW) and ORAS4 (except AABW) reanalyses, and those for salinity are registered for
the ORAS4 (except uNADW). 
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Fig. 2. Av er age sa lin ity of (a) sur face wa ter, (b) lower North At lan tic deep wa ter, (c) and the en tire sec tion de rived from
(1–5) reanalyses and field data (sec tion A05, the crosses). 



The simulation of trends in the analyzed parameters was assessed by comparing temperature and salinity 
changes for the corresponding water mass during time periods between the regular sections. A trend
coincides if the parameter variations derived from reanalysis and field data are of the same sign. Table 3
presents the results of the trend analysis. 

The most fre quent co in ci dence of trends is ob served for data of the EN4 ob jec tive anal y sis in all lay ers
ex cept for SW and uNADW. Ac cord ing to the SODA re sults, tem per a ture trends co in cide in the up per lay -
ers and for the en tire sec tion; sa lin ity trends co in cide in deep lay ers. The ORAS4 sim u lates the trends cor re -
spond ing to the trends in field data in SW and to the tem per a ture trends in lNADW and AABW.

Long-term variations in temperature and salinity in 1955–2016. Variations were investigated from
the EN4, ORAS4, SODA, and WOA13 reanalyses for the period from 1955 to 2016. In the surface layer,
the steady growth of potential temperature (from 0.25 to 0.54°C) and salinity (from 0.034 to 0.063 psu) has
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Ta ble 2. Av er age stan dard de vi a tions of tem per a ture and sa lin ity for the en tire sec tion and dif fer ent wa ter masses
de rived from reanalyses and field data

Reanalysis En tire sec tion SW AAIW uNADW  lNADW AABW

Po ten tial tem per a ture, °C

ECCO
GECCO
ORAS4
SODA
EN4

0.339
0.362
0.314
0.296
0.157

0.100
0.223
0.145
0.287
0.136

0.810
1.397
0.689
0.756
0.503

0.120
0.131
0.129
0.104
0.088

0.040
0.044
0.017
0.059
0.006

0.015
0.024
0.115
0.084
0.050

Salinity, psu

ECCO
GECCO
ORAS4
SODA
EN4

0.046
0.038
0.040
0.038
0.026

0.016
0.033
0.020
0.036
0.027

0.121
0.266
0.112
0.100
0.081

0.031
0.006
0.030
0.280
0.026

0.009
0.013
0.005
0.013
0.005

0.009
0.011
0.015
0.017
0.009

Note: The small est de vi a tions are bolded.

Ta ble 3. The sim u la tion of trends in tem per a ture (nu mer a tor) and sa lin ity (de nom i na tor) by reanalyses

Reanalysis Years En tire sec -
tion

SW AAIW uNADW  lNADW  AABW

SODA

ECCO

GECCO

ORAS4

EN4

1992–1998
1998–2004
2004–2010
1992–1998
1998–2004
2004–2010
1992–1998
1998–2004
2004–2010
1992–1998
1998–2004
2004–2010
1992–1998
1998–2004
2004–2010

+/–
+
+
+

+

+
–
–
+
+
+

+
+
–
+

+/–

+
–/+
+

+/–
–/+
–

+/–
+

+/–
+

+

+
+
–
+
+
+

+/–
–
+

+/–

+

–
–
+

–/+
–
+

–
–/+
–/+
+/–

–

+
+/–
+/–
+
+
+

+
–/+
–/+
–

–/+

–/+
+/–
+/–
+

+/–
+

Note: The plus means that trends are re pro duced by a reanalysis, the mi nus means that trends are not re pro duced. 



been observed since 1970 and is reproduced by all reanalyses (Figs. 3a and 3b). The similar temperature trend 
was described in [10], where the temperature rise in the upper 700-m layer was estimated at 0.27°C/100
years. The authors of [14] note the salinization of the upper 500-m layer in the tropical region by 0.07 psu
during 1957–1996, the ORAS4 and EN4 simulate the salinity growth by 0.04 psu over the same period.
According to the other reanalyses, a decrease in temperature (from –0.1 to –0.27°C) and salinity (from
–0.012 to –0.04 psu) was observed till 1970. 

The variations in temperature and salinity in AAIW derived from the EN4, ORAS4, and WOA13 are
insignificant. The SODA simulates a stable decrease in AAIW temperature by 0.15°C and in salinity by
0.05 psu. A slightly underestimated salinity variation was described in [7], where AAIW salinity in 1969–
1999 dropped by 0.02 psu. The authors of [15], on the contrary, describe the temperature rise in the
intermediate and deep layers by 1°C/100 years during 1957–1998 calculated from data of field sections
along 24° N in the Atlantic Ocean; the authors of [2] made the conclusion on the temperature growth from
1957 to 1992 based on the data of oceanographic sections.

Ac cord ing to the WOA13, EN4, and ORAS4 data, po ten tial tem per a ture in uNADW in creases by
0.03–0.076°C, and sa lin ity var ies in sig nif i cantly ex cept for an in crease by 0.02 psu in 1975–1995. The
SODA re pro duces the tem per a ture drop by 0.027°C and the sa lin ity growth by 0.015 psu in 2000–2011.

The SODA sim u lates in sig nif i cant changes in tem per a ture and sa lin ity of lNADW dur ing the an a lyzed
pe riod; how ever, the other reanalyses dem on strate an in sig nif i cant de crease in both pa ram e ters with a cer -
tain in crease (<0.01°C and <0.008 psu) in 1970–1985. The ab so lute val ues of tem per a ture and sa lin ity de -
rived from the SODA are higher than those for the other reanalyses (Figs. 3c and 3d). The trend to wards the
tem per a ture de crease sim u lated by the SODA is also de scribed in [6]: the layer be low 1750 m was cooled
by 0.0021°C/year and was de sa li nated with the rate of –0.0003 psu/year dur ing 1957–2004. 

The val ues of tem per a ture and sa lin ity of AABW de rived from data of all reanalyses are higher than
those for the WOA13. The dif fer ence in the ab so lute val ues of tem per a ture and sa lin ity is caused by dif fer -
ence of the lower layer depth in reanalyses; this di rectly af fects the num ber of ho ri zons cor re spond ing to
AABW. The higher AABW tem per a ture is, the higher the last reanalysis ho ri zon is. The ORAS4 re pro -
duces the tem per a ture rise by 0.02°C be ing close to the value pre sented in [12]. The men tioned pa per re -
vealed a trend to wards an in crease in po ten tial tem per a ture in the AABW core in the South At lan tic in the
Vema Chan nel since 1972 (~0.05°C/100 years). It also detected the sa lin ity growth by 0.006 psu till 1997
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Fig. 3. Av er age (a, c, e) tem per a ture and (b, d, f) sa lin ity of (a, b) sur face wa ter, (c, d) lower North At lan tic deep wa ter, (e, f)
and the entire sec tion in (1) WOA13, (2) ORAS4, (3) SODA, and (4) EN4.2 reanalyses.



thus ex ceed ing the value cal cu lated in [1] where the sa lin ity growth is es ti mated at 0.001 psu per 100 years
in 1957–1994. 

The ORAS4 and SODA sim u late close val ues for the whole sec tion which are slightly higher than the
re sults of the EN4 and WOA13 be ing close to each other (Figs. 3e and 3f). In 1955 to 2010, the ORAS4,
EN4, and WOA13 sim u late an in crease in av er age tem per a ture at the sec tion by 0.03–0.08°C (the high est
value is ob served for the ORAS4). This is slightly be low the val ues pre sented in [13], where the au thors
make the con clu sion on the warm ing in the 3000-m layer of the North At lan tic by 0.012 ± 0.009°C/10 years 
dur ing 1955–2000 based on mea sure ment data only. The ORAS4 and WOA13 also sim u late the sa lin ity
growth at the en tire sec tion by 0.017 and 0.03 psu, re spec tively. The EN4 re pro duces an in sig nif i cant sa lin -
ity re duc tion that does not ex ceed the sa lin ity vari a tion range over the whole time pe riod. The SODA, un -
like the other reanalyses, sim u lates a de crease both in tem per a ture (by 0.08°C) and sa lin ity (by 0.06 psu). 

CON CLU SIONS

There is the tem per a ture rise for the en tire sec tion by 0.037–0.08°C that agrees with data from [10] and
the sa lin ity growth at the sec tion by 0.017–0.03 psu ac cord ing to all data ex cept the SODA dur ing
1955–2016. The tem per a ture in crease for the whole sec tion is es pe cially de fined by the warm ing in the sur -
face layer that cor rob o rates the re sults of [9].

Ac cord ing to the SODA reanalysis, un like the ORAS4, WOA13, and EN4, in 1955–2016 there is the
de crease in tem per a ture (by 0.08°C) and sa lin ity (by 0.06 psu) for the whole sec tion. The dif fer ences of the
SODA data are caused by high val ues in sur face and deep wa ter. 

In 1992 to 2016, all reanalyses sim u late the in crease in tem per a ture and sa lin ity of sur face wa ter that
agrees with field data and reanalyses [8] and, hence, the tem per a ture rise for the en tire sec tion. In gen eral,
the reanalyses over es ti mate tem per a ture by 0.1–0.3°C and sa lin ity by 0.02–0.05 psu. 

The sig nif i cant tem per a ture drop in sur face wa ter in 2010–2011 ob served for field data and de scribed in
[11] is poorly sim u lated from field data and EN4 ob jec tive anal y sis. In deep lay ers, there is no sim i lar ity of
the EN4 re sults to field data, ex cept for the years of reg u lar sec tions, when tem per a ture and sa lin ity in the
EN4 ap proach field data, which is prob a bly caused by the as sim i la tion of data of these sec tions.  

The clos est val ues to field data are re pro duced by the ORAS4 and EN4 reanalyses. The trends in tem -
per a ture and sa lin ity de rived from the EN4 data in di cate the trends based on field data better than the other
reanalyses. 
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