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Abstract. The analysis of the heat and salinity contents more a significant change in salinity content deviation may
has been made for the Northern Atlantic for the decade beresult in a substantial change of the meridional circulation
tween January 1999 and December 2008. This analysigthermohaline circulation), which can drastically change the
is based on the Argo profiling data for the upper 2000 m.meridional heat flux.

Basin-averaged values of heat content deviation (HCD) and |5 the ocean warming or cooling, what are the mecha-

salinity content deviation (SCD) are robust and stable. Theyisms responsible for this change, and how good the esti-
HCD and SCD demonstrate positive trends in the last decadg,ation of warming/cooling trends is remain important prob-

in the upper 2000m of the North Atlantic. The linear |ems. Past studies have found periods of warming and cool-
trend of HCD and SCD are (1.1-%-17»(10203/3’“ and ing for the globe as well as in specific regions of the oceans.
(2...80i1.17)>< 10%3kglyr, respgctlvely. Both trends are sig- The number of studies demonstrate the general warming of
nificant at 95% level of significance. the ocean as a whole and in its subregions in the recent
years. Levitus et al. (2000) made an estimation of the warm-
ing of the World Ocean, between the surface and 3000 m
for the period between the mid 1950’s and mid 1990’s, of

2x10?3J. In all oceans a substantial change in heat con-
The ocean salinity and especially heat content are the maent occurreq in the 300 to 1000m layers; moreover, in the
jor parameters characterizing the state of the climate sys—North Atlantic such strong qhanges also happen at depths
tem. The World Ocean has a heat capacity much higher thadreater than 1000 m. Analysis of the surface temperature for
the atmosphere (more than three orders of magnitude) anaj40 years between 1861 and 2000 by Folland et al. (2001)

therefore it plays an important role in the global heat content2/SC "ave shown a global surface temperature increase of

changes of the earth climate system (Levitus et al., 2005; Ly—0'61oi0'160C' Willis et al. (2004) estimated a global, in-

terannual variability in the upper ocean heat content, tem-
man et al., 2006). . . - :
s . . erature, and thermosteric expansion by combining the alti-

The salinity content in the ocean mainly depends on fres : e ' ;
metric data with in situ temperature profiles. In the period

wate_r fluxes _f“’m evaporat|on/preC|pltatlo_n _and from the between 1993-2003 the global heat content in the upper 750
melting/freezing ice. The local heat and salinity contents are

linked to the dynamical processes, as well. Global warmingm increased by about 0.9207°J. Levitus et al. (2009) has

results in melting of continental and sea ice. Curry and Mau—reVISIted global heat content from 1955-2008 and found a

ritzen (2005) have demonstrated that the northern North At_!mear trend of 13'5(.102 J/_yr in warming between_o 750m
n the North Atlantic. This warming was not uniform, for

lantic (i.e. the Nordic Seas and Subpolar Basins) were diluted ; -
by an extra 19 0085000 cubic kilometers of freshwater in- example they found that the Atlantic and Pacific ocean heat

flux between the mid 1960’s and the mid 1990’s. Further_gggtsezg?ecreases after 2005-2006 whereas the Indian ocean

1 Introduction

Polyakov et al. (2005) demonstrate substantial changes in

Correspondence tov. O. Ivchenko temperature and salinity over the North Atlantic in the last
BY (voi@noc.soton.ac.uk) Century. They used oceanographic measurements from three
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different Centres, i.e. the National Oceanographic Data Cenbias in the Argo data. These corrections have reduced the
ter (NODC), the WOCE data and observations from Arctic decadal variability in the heat content records from 1955 to
and Antarctic Research Institute (St. Petersburg). They foun@008, but have not changed the long term trend (Levitus et
that multidecadal fluctuations on time scales of 50-80 yr areal., 2009).
prevalent in the upper 3000 m of the North Atlantic. Spatially The neighboring regions to the North Atlantic can also
averaged temperature/salinity from two layers, i.e. betweennfluence the heat/salinity contents of the region. Potter
0-300 m and 1000-3000 m vary in opposition: persistent peand Lozier (2004) have shown that the Mediterranean out-
riods of cooling/freshening (or warming/salinification) in one flow waters are an important contributor to the climatological
layer are generally associated with opposite behavior in anehanges of temperature and salinity at intermediate depths of
other. This is generally consistent with behavior of merid- the mid latitude North Atlantic. They noted that the warm-
ional overturning circulation. ing and/or salinification of Mediterranean surface waters are
Lozier et al. (2008) evaluated a gain in the North Atlantic density compensated.
heat content over past 50 years by using historical hydro- A good quality merged data set requires that the distribu-
graphic station data. They found a basinwide increase hedton of the observations in the basin has to be dense enough
content for this period of time not to be uniform, showing for an adequate representation. The more dynamically active
warming of the tropics and subtropics, but cooling in the sub-subdomain (e.g. the Gulf Stream area) with high eddy kinetic
polar ocean. energy should have much higher density cover than other re-
A number of studies have shown the importance of thegions. However, the density of Argo observations depends
northern part of the North Atlantic, because of strong con-not only on the initial position but on the dynamics, as well.
vection (Curry et al., 1998; Dickson et al., 1996, 2002). The most difficult regions are the strongly dynamical regions
The northern subdomains of the Northern Atlantic, and (with high kinetic energy of mean flow, and eddy kinetic en-
particularly Labrador sea, demonstrates significant varia-ergy), since the buoys can be moved over a long distance in
tions of temperature and salinity in the past several decadea short period of time.
(Yashayaev, 2007). The main process responsible for the Resnyansky et al. (2010) made a statistical analysis of
cooling and freshening of this area is the deep winter con-space variability of temperature and salinity data of the Argo
vection. When winter convection has lost its strength, theprofiles in the World Ocean and their subregions between
Labrador Deep Water layer appears to lose “communication’January 2005 and December 2007. They confirm the con-
with the mixed layer above (Yashayaev, 2007). As a re-tinuing general warming, however with a pronounced geo-
sult, its volume decreased while gaining heat and salt fromgraphical and vertical nonuniformity. The ratio of signal to
the intermediate waters outside the Labrador Sea. Sarafanawisepu is between 1.5 to 5.7. This ratio is reasonably high
et al. (2007,2008) show positive trends in temperature anchind much higher than that based on previous XBT data:
salinity in the intermediate waters of the eastern subpolais between 0.5 and 1.5 (White and Bernstein, 1978])s
North Atlantic (approximately between 3& and & W at about 1 in the upper 400m of World Ocean (White, 1995),
53° N (1992-2002) and 60N (1997-2005), and in the deep andu is between 0.5 to 2.9 for different subregions of trop-
waters (1997—-2006) (Irminger Sea and Iceland Basin). ical Pacific (Meyers et al., 1989), but with values of about
One of the important problems in climate dynamics is to 1 prevail (Resnyansky et al., 2010). Schukman et al. (2009)
understand how the signals are transmitted from the surfacased the Argo data for 2003—2008 and found oceanic warm-
to the deep ocean and then distributed throughout the basimg of 0.77:0.11 W/n? in the upper 2000 m of the World
(Potter and Lozier, 2004). Leadbetter et al. (2007) has showi©cean. Heat content has large interannual fluctuations in
that in the mid North Atlantic (36N) cooling of the up- some places of the World Ocean. It is important to note that
per waters and warming of the intermediate waters betweethey did not find significant freshwater rate for the global av-
1959 and 1981, were reversed between 1981 and 1985. Therage, however they did find a signal dominated by interan-
changes in the upper 800 m waters were principally due to aual variability.
vertical displacement of the neutral density surface. In the The main aim of this study is to calculate heat/salinity con-
intermediate waters (below 800 m) water mass changes beent in the Northern Atlantic and its variability during the
come more important. “Argo” project (i.e. since 1999), by comparing these values
Heat content analyses (e.g. Levitus et. al., 2001; Willis etwith climatology and estimating their significance.
al., 2004) have been shown to be subject to biases. One was In this study we use the difference between Argo observa-
a cold bias in some Argo floats whilst a warm bias was intro-tions and climatology from Stephens et al. (2002) which al-
duced from XBT records (Gouretski and Koltermann, 2007;lows us to produce deviations of heat/salinity contents, which
Willis et.al., 2009). Lyman et al. (2006) demonstrated a sig-is referred to as HCD/SCD, respectively.
nificant cooling of ocean in between 2003 and 2005. How- The data and method is described in Sect. 2, stability of
ever, in the following study by Willis et al. (2009) it was results in Sect. 3, deviations of heat and salinity contents and
shown that the cooling reported by Lyman et al. (2006) wastheir trends in Sect. 4, and summary and discussion in Sect. 5.
an artifact caused by both the XBT warm bias and the cold
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Fig. 1. The number of profiles in the 2moxes for each year (1999-2003) after the quality control was applied.

2 Data and method number of the accepted data strongly depends on the depth,
reducing from the surface by 10-15% at 500 m, and by 25—

The Argo temperature and salinity profiles were used as30% at1500m, and decreases further down.
our data for the calculations of anomaly (deviation) of heat From the official Argo web-site 74958 vertical pro-

content (HCD) and anomaly (deviation) of salinity content files of temperature and 59485 profiles of salinity were
(SCD). For the analysis we select the period between Jarebtained from the sitdtp:/ftp.ifremer.fr/ifremer/argo/geo/

uary 1999 and December 2008 for the area betwe&m10 atlantiaocean(d_elgy_ed mode). An Argo profile is exc_luded
and 70 N. The coverage of the Northern Atlantic is not uni- from the analysis if it belongs to one of three categories:
form where the maximum number of profiles occur within
the vicinity of the central, and especially the eastern region,
while minimum number of profiles occur along the coasts

— It has not passed the quality control provided by Argo
data centre.

(see Figs.1-2). The amount of temperature profiles per — It belongs to the officially published lists of the floats
month at the surface increased from 200-300 in 1999 toward  with uncorrectable pressure bias, particularly data ob-
400 in 2001 and 800 in 2008 (Fi§). There were less than tained from a SOLO. float with FSI CTD (Argo Pro-

100 salinity profiles per month available at the surface before ~ gram WHOI) or APEX floats with APF8 controller
2001, while in 2008 its reached 700-800 per month. The board.

WWWw.ocean-sci.net/6/719/2010/ Ocean Sci., 6, 7B%-2010
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Fig. 2. The number of profiles in the 2oxes for each year (2004—2008) after the quality control was applied.
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Fig. 3. The temporal distribution of the available Argo data between January 1999 and December 2008.
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— It has not passed our own quality control. mate that is unbiased and is optimal in the least squares sense.
Another strong assumption required that the covariance of

The initial Argo data passed the intensive quality control the data be Gaussian. The scheme used in this study is sim-
procedures described in Coatanoan et al. (2005) and Wonfar to Lavender et al. (2005). The correlation length scales
et al. (2006). These procedures include automated tests, vare prescribed constant values and in this study we applied
sual control and objective analyses, applied both daily and.. =350 km in both northward and eastward directions. This
weekly. Automated real-time tests verify the following pa- is more than twice the value used by Lavender et al. (2005),
rameters: date, position, speed, global ranges, spikes, deut it is necessary because of the low spatial resolution of
sity inversions and sensors drifts. The visual quality con-the Argo data. To test the influence of the criterion (i.e. four
trol performed by operators at the Coriolis Centre includes aSD) for eliminating profiles, we compared a range between 2
comparison of a current profile against neighboring profiles,and 3 SD with a range between 5 and 6 SD. It is been found
platform speed, density profile, T/S diagrams, its climatologythat the signals are smoother and the oscillations are of lower
and associated standard deviation. To detect gross errors argnplitude with a range between 2 and 3 SD compared with a
the setting of the quality flags for each profile the results ofrange between 5 and 6 SD. However, the overall shape of the
an objective analysis are taken into account. The Centre usesignal shows good correspondence between the two cases.
an objective analysis scheme based on the optimal estimaFhe main results in terms of the sign of the anomaly and the
tion methods described in Bretherton et al. (1976). Profilesirend in warming or cooling, remain similar if the criterion
only with the appropriate quality control flag provided by the of the quality control is between 2 and 6 SD, and therefore
originators were downloaded and stored in our data set.  the results are robust to these changes.

Regarding the second category, in February 2007 the Argo The climatology used in our study (i.e. Stephens et al.,
community was informed that profiles from Argo buoys 2002) is based on historical hydrographical data from the end
deployed by WHOI program (i.e. SOLO floats with FSI of the 1890’s up to 2001. The majority of this data comes
CTD) may have pressure offset errors. Updated list of “un-from the last half of the 20th Century, and therefore is most
correctable” platforms was announced in October 2007 akepresentative of this latter period. The standard deviation
http://www-argo.ucsd.edu/Acpradfset2.html Another list  has been calculated by using a total of 120 samples, i.e. 12
of suspicious profiles related the drift in the pressure senmonths multiplied by 10 years. HCD and SCD were calcu-
sors in several APEX profiles was published in Decem-|ated for 10 x1° in latitude and longitude boxes and for all
ber 2008 at the CSIRO web sitettp://www.marine.csiro.au/  layers between the surface and 2000 m with the vertical step
~cow074/quota/argoffsets.htm All “uncorrectable” obser-  of 25 m. Additional details about our quality control and ob-
vations from these types of instruments were removed fronjective analysis can be found in Ivchenko et al. (2006, 2007,
initial data set. 2008).

The following procedures were used in our own quality The HCD and SCD data are analysed using a number of
control (third category). The differences between the ob-techniques. The first, is calculating a linear trend using the
served (Argo) values and monthly climatology (Stephens efeast squares approach, where the error estimates are at the
al., 2002) were calculated by subtracting from the observed59% confidence interval, that are significantly different from
value the climatological value which was obtained by inter- zero. We will call this model Linear Trend (LT). Second, we
polation (a) temporally to the moment of observation be-then add a sinusoid to this linear model where we call this
tween neighboring months, and (b) geographically to thenew model, Linear Trend Plus Oscillation (LTPO). Third, we
point of observation (surfacing of the float). Similarly the de- carry out cross-correlations on pairs of time series, where the
viation of heat/salinity content is the calculated heat/salinity error estimates of the correlations are at the 95% confidence
content from which the climatological heat/salinity content interval, where the null hypothesis assumes that there is no
is subtracted. correlation between each pair of time series. The effective

The criterion for eliminating profiles from the data set was degrees of freedom is calculated for each pair of time series,
four standard deviations (SD) from the monthly climatolog- where the coherence and autocorrelation of the data is taken
ical values. This criterion can be compared with other val-into account when estimating the degrees of freedom (Emery
ues used in similar research. In some studies (Levitus et aland Thomson, 1998).

1994; Lozier et al., 1995) a criterion of between 2.3 and 3  The main LTPO model equation is:

SD’s has been applied. However, it has been shown (Levi-

tus et al., 2000; Willis et al., 2004; Roemmich and Gilson,

2009) that a larger criterion between 3 and 6 SD gives robusbpg) — Model(t) + Regt), (1)
results.

The temperature and salinity anomalies fields werewhere Obs() is the observed heat/salinity content deviation
calculated with an objective analysis scheme, based ot timer, Modely) is the LTPO model:

Gandin (1965) and Bretherton et al. (1976). This scheme
uses the Gauss-Markov theorem, which gives a linear estiModel(r) = 81+ B2 + B3 Cow?) + BaSin(wt), (2)

WWWw.ocean-sci.net/6/719/2010/ Ocean Sci., 6, 7B%-2010
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Fig. 4. Anomaly of heat content of the North Atlantic for the upper Fig. 5. Correlations between HCD for the whole set and 50%
2000 m. The red, blue and green curves represent the value of thgf data (red curve) and between whole set and 25% of data (blue

whole set, 50% and 25%, respectively. The vertical discretisation iscurve). HCD s the averaged value of the North Atlantic, the verti-
250 m. The horizontal axes is the natural logarithm of the absolutecg| discretisation is 250 m.

value of the HCD in Joules.

results are stable if the corresponding values are close to each
other (i.e., high correlation values that are statistically signif-
icant). In this study we estimate HCD and SCD values for
the whole set (experimew’), half set () and quarter set

of the data Q). In the experimentd/ and Q half and 3/4

wherep; — constantg, — linear trend 83 and 84 — parame-
ters from the N-year sinusoidy = %; Reqr) is a residual
term (i.e. difference between observations and LTPO model)

Amp= (,832+ﬂf)1/2, 3) of the data were removed _random_ly from the whqle set. Fig-
ure4 demonstrate the vertical profiles of the logarithm of the

where Amp is an amplitude of oscillation (sinusoidal). absolute value of HCD averaged over the whole domain for

To calculate percentage of variance explained (PVE) wethese three experiments. There is a definite similarity among
are using the following expression: the experimental results. The absolute values for HCD for

the whole 2000 m column are:120x 107°J, —113x 107°J
and—92x 1070 J for the experiment®, H, Q, respectively.
_ Var(Res )- 100% (4)  Inall three profiles there are maxima in the upper 1000 m,
Var(Obs corresponding to the highest negative values of the HCD, es-
. . pecially at the depth of about 100-200m and 600 m, and a
where Var is variance. minima of the HCD occur at the depth of 1400 m. Profiles

) The reliability of LTPO, (Eq;. 1-2)is ca}lculated by look- are close to each other, especially Weand H experiments.
ing at the percentage of variance explained (PVE) by theThe profiles of the SCD also seem to be similar, especially in

model with respect to the HCD and SCD observ_ations (S_eefhe upper 600 m. The values of the SCD at the depth in be-
Eq. 4). The Nyquist frequency for th(_ase time series are f'vetween the surface and 2000m are>1T0L3kg, 15x 1013kg
years and therefore only a period of five years or less is CONZ o 12x 1013 kg, respectively. Figuré show profiles of the

sidered for Egs. (1-4). Preliminary results revealgd _that th orrelations between HCD for the experimeWtsand either

highest PVE value_corrgsponds to seasonal varlgblllty andy Ge. w— H), or Q (i.e. W — Q). The correlations are

thus the one year sinusoid is used for these analysis. reasonably high, especially in the upper 600m (more than
0.8 and 0.65 in théV — H and W — Q experiments, respec-

3 Stability of results tively). The correlations between SCD fét— H andW — Q
experiments in the upper 600 m are also high, more than 0.7

By stability we mean that the results should not be sensitiveand 0.5, respectively.

to a small variation in the number or the density of the pro- In the mid depth (i.e. between 500 and 1600 m) correla-

files. One possible way for the estimation of the stability tions are weaker (see Fi§). In the lower layer (1600—

of the obtained results is to separate the whole set of pro2000 m) correlations are increased because of more homo-

files into several subsets and calculate the values of HCD andeneous distributions of temperature and salinity. All these

SCD for each such subset. One can suppose, that the genexarrelations of HCD and SCD are statistically significant at

PVE=(1

Ocean Sci., 6, 71935, 2010 Www.ocean-sci.net/6/719/2010/
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the 95% level of significance except for the lowest layer be-seasonal cycle signal. For example, let us suppose that cli-
tween 1750-2000 m for th& — Q experiment. matology has a seasonal cycle of temperature (heat content)
that is equal td1 - sinwt , whereA1 is the amplitudeg is
an annual frequency, ands time. Let also suppose that the
4 Deviations of heat and salinity contents and their seasonal cycle from observational platform has the same fre-
trends quencyw, but different amplituded,, i.e. Az -Sinwz. The

. o ] total observational signal i8 + Az - sinwt. The anomaly
The variability of heat and salinity contents are quite sub-is g 1 A, . sinwr — Ay - sinwt = B + (A2 — A1) - Sinwt.  If

stantial for the HCD and for the SCD for the whole domain (A2 — A1) is large enough compared ® the major sea-

and the subdomains, as well as for different layer depths.  gopg cycle is visible. In our caseif— A1) is about 15%
The strongest signal is associated with the seasonal cyclgf the climatology signal. Similar profound seasonal vari-

and as previously mentioned in Sect. 2, both the HCD andypjlity of temperature anomalies in upper layers were found

SCD datasets were analysed with and without the seasongly Resnyansky et al. (2010). The seasonal cycle of the HCD

and SCD may not necessarily be just a linear fit, it could have

a periodical (sinusoidal) signal or more complicated nonlin- o S
ear type of variability. The latter would most likely require a responds to seasonal variability. The seasonal variability is

longer time series than we have. Therefore, we applied twostr_ongerfor HCD, than for SCD for the whole North Atlantic
models, i.e. the linear trend (LT) model, and sinusoidal plus(F19- 6)- The PVE are equal to 42.8%, 37.9% and 25.6% for

linear trend (LTPO) model, based on a least square approacﬁ}i1e HCD of the whole Northern Atlantic for the upper 2000 m

in order to explain HCD/SCD variability. for the W, H and 0 experiments, respectively.

There is a very strong seasonal cycle of temperature in up- Trends of the HCD are 11-10%°, 120-10%°, 94.
per layers. If the climatological seasonal cycle differs sys-10?°J/yr, for W, H, and Q, respectively. The amplitudes
tematically from the seasonal cycle of the Argo observationsof seasonal variability are reasonably close to each other and
as happens in our case, then the HCD can retain part of thstatistically significant at 95% level, as well as the trends (see

The highest percentage of variance explained (PVE) cor-

WWWw.ocean-sci.net/6/719/2010/ Ocean Sci., 6, 7B%-2010
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Table 1. HCD for the whole basin between 0 and 2000m; the uncertainty is at the 95% confidence level.

HCD  TrendinLT TrendinLTPO Amplitude 283 PVE
1020 (J1yr) 1620 (tyr) T=1yr, Eq. (1) (%)

Exp. W 11.143.2 11.42.9 31.215.9 42.8
Exp. H 12.0+3.6 12.5£3.3 30.3t18.5 37.9
Exp. Q0 9.4+3.8 9.9:3.7 28.4:19.9 25.6

Tables 1, 2). Comparing the linear trends between the twalicated by the corresponding PVE value of the LTPO model.
models (i.e., LTPO and LT) show that they are close to eachlhus the trend in the upper 100 m using the LTPO model is
other for the W experiment 12- 1020 J/yr vs 111-10%°J/yr,  reliable.

respectively. The PVE in the deeper layers drops rapidly, which indi-

cates seasonal variability weakens with depth (see Table 3).
The amplitudes are decreasing for about order of magnitude
and are comparable to trend for one year.

In general, the upper ocean has a stronger seasonal c
cle, compared with deeper layers (Ff§y. The percentage of
variance explained for the HCD in the upper 100 m is very
high: 84.2% (see Table 3). The amplitude of the seasonal Comparing SCD for théV, H, and QO experiments show
oscillation is much higher than the trend, i.e.B3210°°J  rather small PVE (i.e. between 16.2% and 23.3%), but stable
vs. 20-107°J for 1 year. The linear trend from LT is and statistically significant trends for LTPO modeR.8+
1.5-10%°J/yr, which is smaller than predicted by LTPO 1.2)-103kg, (3.5+1.2)-10'3kg, (3.2+1.2) - 10'3kg, re-
model (see Table 3). The LT trend in this case is not staspectively. The linear trend from LT model {2.8+1.2)-
tistically significant because of a high seasonal signal as in10 kg for the W experiment.
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Table 2. SCD for the whole basin between 0 and 2000 m; the uncertainty is at the 95% confidence level.

SCD Trendin LT  Trend in LTPO  Amplitude #8Kg PVE
103 (Kglyr) 103 (Kglyr) T=1yr,Eq.(1) (%)

Exp. W 2.8+1.2 2.8t1.2 1411 16.2
Exp. H 3.6£1.2 3.5t1.2 3.5:3.5 23.3
Exp. Q 3.3£1.2 3.2:1.2 3.43.4 21.3

Table 3. HCD for the whole basin at different layers; the uncertainty is at the 95% confidence level.

HCD Trend inLT Trend in LTPO  Amplitude 3 PVE
1020 (J1yr) 1620 (3fyr) T=1yr, Eq. (1) (%)

0-100m 1516 2.0t0.6 32.#3.7 84.2
100-500m 4315 4.4£1.5 4.9t3.8 235
500-1000 m 4%1.2 4112 2.A2.3 30.0
1000-2000 m 120.9 1.2£0.9 4.4:32 9.9

Similar to HCD, there is a high PVE values for SCD in the 110
upper ocean, where 69.6% for the upper 100 m is found (see
Table 4; Fig6c). Like the HCD, the PVE drops dramatically
in the lower layers i.e. between 9.6% and 2.1% for the SCD.  °
In the upper 100 m and in the layer between 100mto 500 m
trends are similar for LTPO and LT models and statistically |
significant, but below 500 m they are similar, but insignifi-
cant.

When the HCD and SCD were separated into sixZdhal
belts, we found that the PVE for the LTPO model showed
low values (Tables 5, 6). The highest values of PVE of °
HCD relates to belts between 28—30° N (31.8%), and -3
for the northern belts between 98—60° N (38.8%) and
60° N—70° N (40.4%). For the SCD the highest values of

Heat Content (J)
AN
@

-351

PVE Correspond to the northern belts betweehN060° N Tooe 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Time

(36.2%) and 6ON—70° N (57.2%). These lower values of
PVE indicate that the LTPO model does not represent thq:ig. 8. HCD for the layer between 0 and 2000 m. The vertical bars

variability well because of the significance of other Processe$epresent one standard deviation. Blue is HCD, green is a moving
that affect the variability which is not related to the seasonalayeraged HCD and red is the HCD filtered with a 7 point low pass

cycle and the linear trend. filter. The magenta represents a linear regression.
Most of the time the HCD was negative, i.e. the ocean was
colder than the Levitus climatology (Fi§). The strongest
contribution to the total HCD in the upper 2000 m comes that contributions of these regions to the total variability are
from the layers between 350 m and 900 m (see also Ivchenkoather small. We suggest that the variability is a combination

et al., 2006). of different periods including periods of more than five years,
The negative HCD for the top 2000 m occurs in the south-and this requires a longer time series to do the analysis.
ern and mid North Atlantic (between 18 and 50 N) and In the top 100 m the whole North Atlantic ocean has a

positive HCD occurs in the northern North Atlantic (between strong seasonal variability (Fig.0). In the layer between

50° N and 70 N), where the positive (warming) trend can 100m and 500 m there are some seasonal fluctuations, but
be seen (see Fi@, Table 5). There appears to be a strong not so regular as in the upper 100 m (Fig).

interannual variability with periods of a few years (Figs. The dynamics in the western and eastern North Atlantic
9). Further analysis for periods between two to five yearsseparated by Mid Atlantic Ridge is quite different, especially
(limited to five years due to the Nyquist frequency) revealedbecause of the influence of the Gulf Stream in the western
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Table 4. SCD for the whole basin at different layers; the uncertainty is at the 95% confidence level.

SCD Trendin LT  Trend in LTPO  Amplitude #8Kg PVE
1013 (Kglyr) 103 (Kalyr) T=1yr,Eq.(1) (%)

0-100m 2.60.3 2.6£0.3 1.6t0.7 69.6
100-500m 1.80.6 1.1£0.6 15t1.4 9.6
500-1000 m -0.40.5 -0.4:0.5 0.6:0.6 2.1
1000-2000 m -04£0.6 -0.5+0.6 1.4t1.0 3.6

Table 5. HCD at different latitudes; the uncertainty is at the 95% confidence level.

HCD TrendinLT Trend LTPO  Amplitude #8J PVE
1020 yr)  19Qnyr)  T=1yr, Eq.(1) (%)

10° N-20° N 14411 1511 5.6£3.7 9.9
20° N-3C° N 2.0+£1.0 2.2+0.9 11.6t5.1 31.8
30°N-40° N 1.4+£1.5 1.5:1.5 4.144.0 4.1
40° N-5C° N 1.4+1.4 1.5t1.3 10.2:7.7 13.3
50° N-6C° N 2.8+0.7 2.9%40.7 3.3t3.0 38.8
60° N-7C° N 2.1+0.5 2.10.5 1.1#0.9 40.4

Table 6. SCD at different latitudes; the uncertainty is at the 95% confidence level.

SCD Trendin LT  Trend in LTPO  Amplitude #6Kg PVE
1013 (Kglyr) 103 (Kglyr) T=1yr,Eq.(1) (%)

10° N-2C° N —0.4£0.4 —0.4£0.4 1411 7.1
20° N-30° N —0.4£0.4 —0.4£0.4 1.6t1.1 6.8
30° N-40° N 1.2+0.7 1.2£0.7 2.3:2.1 11.8
40° N-50° N 0.6+0.4 0.6:0.4 0.2:0.1 6.5
50° N-60° N 0.9+0.2 0.8t0.2 1.3t0.8 36.2
60° N-70° N 0.9+0.2 0.9t0.2 1.3t0.9 57.2

part. For this reason an additional analysis were made foand 50 N, as well as the northern North Atlantic (58—

the western and eastern°lBoxes, separated by the Mid 70° N) demonstrate positive HCD. The negative values of the
Atlantic Ridge. There is a profound negative HCD in the HCD in the mid North Atlantic are not so profound as in the
upper 1000 m in the western parts of the southern and midvestern subregions.

North Atlantic (up to 50 N). In the southern belts (between

10° N=3° N) the negative values correspond to more shal- In the interior of the ocean away from the surface, bottom

low depths (less than 200 m). In the mid North Atlantic (be- and western boundary layers, motion IS m‘ostly along !SOPY_
cnals. As a result one can expect partial ‘compensation’ in

tween 30N and 50 N) the strong negative minima occur at the temperature-salinity space. That is an increase in temper-
a depth between 500-800 m. The northern belts of North At_ature isprelated to an ir?/crgase .salinit to maintain a constgnt
lantic (50 N-7C N), in contrast with the southern and mid y

North Atlantic, have large positive values of HCD in the up- densﬁ_y. S|m|lar_ly th? increase of heat content should relate
per 500 m. to an increase in salinity content. There are strong correla-

) tions between HCD and SCD between 200 m and 2000 m in
In the deeper layers (more than 1000 m) the amplitude ofy|| western 10 belts. In the eastern belts such correlation is
the HCD is much smaller than in the layer above. also strong for the southern belts, betweeAN@nd 30 N
In the eastern subregions there are also mainly negativand in the uppermost north eastern belt betweér\6and
values of the HCD in the southern and mid North Atlantic 70° N. In between 3®N and 60 N the correlations are sta-
(between 10N and 40 N). However the belt between 408l tistically insignificant at the 95% level.
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Fig. 9. Zonally integrated anomaly of heat content of the upper 2000m for thddalis: (a) between 10N and 20 N; (b) between 20N
and 30 N; (c) between 30N and 40 N; (d) between 40N and 50 N; (e) between 50N and 60 N; (f) between 60N and 70 N;

Boyer et al. (2007) found that the correlation between heatHatun et al., 2005 for the northern part of North Atlantic for
and freshwater contents drops to a low value (abe33)  the beginning of 21 Century.

in the Greenland, Iceland and Norwegian Seas. The SCD in the top 100m and in between 100m and

The deviation of salinity content of the top 2000m is 5°°T“ for the whole_ N‘?Tth Atlanti_c Is positive with seasonal
mainly positive for the whole Northern Atlantic (Fify1) and and interannual variability (see Fig3).
in most of the 10 belts (see Figl2). The positive trend is In the layer between 500 and 1000 m the SCD demon-
obvious in the northern belt between°30 and 70 N (Ta- strates strong fluctuation between years. The nature of
ble 6). A similar positive trend of salinity is demonstrated by such variability is not obvious, and probably it reflects a
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Fig. 10. HCD time series for the North Atlantic in selected layges:0—100 m;(b) 100-500 m{c) 500—-1000 m(d) 1000—-2000 m;

combination of different processes happening in subregions

10" which have to be studied on a regional basis. In the layer
ol between 1000 and 2000 m the SCD is mainly negative with
10 strong interannual fluctuations.

o

B ok ‘ 5 Summary and discussion

; ar & / A‘A\ J ! \ ; i The HCD demonstrate positive trends in the last 10 years

AT - é J - 2 AL in the upper 2000m of the North Atlantic in all six zonal

T LA R YRR I TeyLiaRNRE ﬁw belts between 1N and 70 N. The important contribution

s oA A "7 f F £ to the trend comes from the northern part of the basin be-

) Ll ' tween 50 N and 70 N. In the southern and central parts of

the North Atlantic there is a profound interannual variabil-
-af ity. The strongest variability occurs in the central North At-
ol : lantic. All trends for the LT are significant at 95% confidence
1999 20‘00 20‘01 2(;02 20‘03 20‘04 20‘05 20‘06 20‘07 20‘08 20‘09 Ievel, except between 30 and 40 N and between 40N

Time

and 50 N, where the strong interannual variability occurred.
Fig. 11. SCD for the layer between 0 and 2000m. The vertical bars.The trends of the LTP.O.are. S”.n."ar to the LT trends.’ but be-
represent one standard deviation. Blue is SCD, green is a movinéWeen 40N and 50 N it is 5|g.n|f|cant (Table 5_)' Levitus et
averaged SCD and red is the SCD filtered with a 7 point low passal' (2009) found a decrease in heat content in the 700 m up-
filter. The magenta represents a linear regression. per Atlantic after 2005-2006. This agrees with our findings
showing decrease of heat content in the Northern Atlantic’s
upper 700 m between January 2006 and December 2008.
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Fig. 12. Zonally integrated anomaly of salinity content of the upper 2000 m for tlebg@s: (a) between 10N and 20 N; (b) between
20° N and 30 N; (c) between 30N and 40 N; (d) between 40N and 50 N; (e) between 50N and 60 N; (f) between 60N and 70 N;

However, this negative trend is not statistically significant is much smaller than the increase in the salinity content in the
(—4.8+8.7-10%%)) in the LTPO model. north. This result agrees with Hatun et al. (2005) and Hol-
liday et al. (2008). The latter study demonstrates a reverse

The trend of the SCD is positive (salinification) for the of the freshening trend in the northeast North Atlantic and

whole North Atlantic, but in the southern parts between Nordic Seas in 1960s—1990s. In 2003—-2006 salinity reached

10° N and 30 N the linear trends of SCD show freshening. its maximum value from the 1960s and temperature exceeded

All these trends are statistically significant at 95% level, ex-records.

cept between ZON and 30 N. The magnitude of freshening
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Fig. 13. SCD time series for the North Atlantic in selected layge9:0—-100 m;(b) 100-500 mjc) 500-1000 m(d) 1000—2000 m;

The average values of the HCD and SCD for the wholealso point out, that different corrections should be applied
period of time for the upper 2000 m are negative for HCD for different geographical regions, because of the different
and positive for SCD. mean temperature distribution. Comparing quasi-collocated

The negative values of the HCD are unexpected, becausg.TD and XBT data globally t.h cy co_nﬂrmed asubstanna_l per
. . : .~ ““Sistent warm temperature bias. Since XBT data contributed
in a number of studies a warming of the ocean well into . : .

. . . substantially to the data set in the North Atlantic from 1970

2000s was observed. The most reliable explanation for this, . ; A . .
; . his warm bias may have a significant influence on the clima-
is the use of mechanical and expendable bathythermograp . ; .

S . o . {ological temperature and therefore result in a negative HCD
data resulting in a possible bias in the climatology (Gouretsklin our calculations
and Koltermann, 2007). Gouretski and Reseghetti (2010) de- '
veloped a new bias correction scheme and estimated the un- Wijffels et al., 2008 shows that heat content has much
certainty in the global ocean heat content for the upper 700 nweaker variability in the 1970s and higher rate of change for

due to the bias in the XBT data to be about418?2J. They 1961 to 2003, if one uses the data corrected for the XBT bias.
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Note, that the negative sign of the HCD occurs not every-2000 m the time averaged HCD are statistically significant,
where, but only in the southern and central regions whilst itisas well as the time dependent series of the depth averaged
positive in the northern regions. We have to be cautious wheHCD. There are clear signs of the negative HCD in the upper
comparing results of temperature and heat content variabil1000 m in most parts of the southern and mid North Atlantic.
ity, because the latter depends not only on temperature, bukhere is also evidence for a positive sign of the HCD in the
also on the volume of the region. Thus, calculating the totalnorthern part of the North Atlantic.
heat content deviation (HCD) for the whole North Atlantic,  Our calculations for the HCD and SCD are based oh 10
requires weighting factors to be taken into an account forboxes. Using finer spatial resolution (for exampte tem-
different volumes within subregions. The southern and cenperature and salinity fields demonstrates much more patch-
tral subdomains are weighted more than the northern subddness (see Ivchenko et al., 2007, 2008). We should add the
main, since the volume of the upper 2000 m layer is larger forcaveat about the salinity data, where in the southernmost and
southern and central regions. Chang et al. (2009) produced aorthernmost regions had lower number of salinity observa-
new World Ocean atlas of monthly temperature and salinity,tions in the first three years.
based on profiles for 2003-2007. In order to compare their In the future we expect that the uncertainty of temperature
results with ours we calculated the temperature deviation forand salinity to be reduced due to increasing number of obser-
the Northern Atlantic for the period of 2003-2007 for a simi- vations and improved technology. In addition, the length of
lar depth, as Chang et al. (2009) on Fig. 5d (i.e. for the uppetime series will increase allowing better estimates of trends.
25 m (our study) vs. 10 m (Chang et al., 2009). Both distribu-
tions were in good agreement, i.e., the positive temperatur@cknowledgementsiVe are grateful to Harry Bryden and Viktor
anomalies in the upper ocean occurred in the most parts oGouretski for the helpful conversations and corrections. We
the North Atlantic, especially high in the north west region. appreciate valuable comments from two anonymous reviewers
However, in the mid depths there appears to be a discrepand Dr Sarafanov. V. O. Ivchenko was supported by the National
ancy with Chang et al.’s, 2009) work, where we found aVer_Er?vironment Research Council (NERC, UK) as part of t_he Rapid
aged HCD values to be negative, while Chang et al. (2009)-!imate Change (RAPID-WATCH) Programme.  This work
demonstrate positive values (of averaged temperature). It igomplemems the British NERC Programme Oceans 2025.
qnclear why th_is disgrepan_cy pccurred. _The HCD calcula-Eclited by: M. Hecht
tion methods, including objective analysis schemes, can be
a factor in this difference. Intercomparison of the methods,
including their paramet_ers, u;ed for the estimation of heatReferences
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