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ECMWEF has recently produced its first ocean-atmosphere coupled twentieth century reanal-
ysis CERA-20C, with ten ensemble members. CERA-20C is based on a coupled climate
model with data assimilation implemented individually for the atmosphere and ocean com-
ponents. This article focuses on the relationships between 2 m air temperature (T2m) and
sea surface temperature (SST) in this new coupled climate reanalysis from the perspective
of ensemble statistics. The results show where the atmosphere or the ocean are driving the
ensemble variability of temperature at the air—sea interface on varying time-scales.

In CERA-20C, the T2m—SST ensemble relationships are changing on diurnal, seasonal
and longer time-scales and also within regions. The T2m ensemble spread is much larger
than the SST ensemble spread at high frequencies (3 h), normally with low correlations due
to different time-scales of oceanic and atmospheric dynamics, showing the atmospherically
driven variability of T2m. On monthly time-scales, the T2m spread is mostly slightly lower
than the SST spread, with high correlations and strong coupling, reflecting the SST-forced
variability. T2m—SST coupling is strongest where atmospheric and oceanic boundary layers
are shallow, e.g. in the summer hemisphere, and weakest where the atmospheric boundary
layer becomes deep, e.g. in the ITCZ region. As the twentieth century progresses, ensemble
spreads decline, while T2m—SST coupling becomes stronger as both atmosphere and oceans
are better constrained to observations. In the Tropics, strong ENSO-related variability is
found in T2m-SST coupling as atmospheric convection centres move interannually to

break the SST-dominated relationships.
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1. Introduction

Large-scale geophysical data assimilation (DA) has mainly been
developed within operational weather forecasting centres, with
the initialization of numerical weather prediction (NWP) models
being the main goal. NWP forecasts have rarely used an
active ocean component over short time-scales, e.g. ECMWF
have used land—atmosphere—wave models. However, with more
attention being paid to medium range, monthly and seasonal
forecasts, as well as to reanalyses, an initialized ocean model
becomes necessary to allow the ocean surface to evolve more
realistically. Seasonal forecasts, for example, usually use coupled
atmosphere-ocean (AO) models starting from initial conditions
produced with separate DA systems. An advantage of performing
the atmospheric and oceanic DA separately is the ability to
use different assimilation window lengths, appropriate to the
dynamics of the medium, with atmospheric DA restricted to
6—24 h windows (Kalnay et al., 1996; Rawlins et al., 2007; Compo

etal, 2011; Dee etal, 2011), while ocean DA typically uses
1 day—1 month windows (Carton and Giese, 2008; Balmaseda
etal., 2013; Martin et al., 2015; Zuo etal., 2015).

NWP centres have recently started to develop coupled DA
systems to provide more consistent AO analysed states for forecast
applications, with the most recent examples being the GFDL’s
ECDA (Zhang etal., 2007), NCEP’s CFSR (Saha etal., 2010),
Canadian CanSIPS (Merryfield etal, 2013), UK Met Office’s
coupled DA system (Lea efal., 2015) and ECMWFs CERA
(Laloyaux et al., 2016).* Such systems use a common assimilation
window for both ocean and atmosphere, but still with separated

*GFDL = Geophysical Fluid Dynamics Laboratory; ECDA = Ensemble Cou-
pled Data Assimilation; NCEP = National Centers for Environmental Pre-
diction; CFSR = Climate Forecast System Reanalysis; CanSIPS = Canadian
Seasonal to Interannual Prediction System; ECMWEF = European Centre for
Medium-range Weather Forecasts; CERA = Coupled ECMWF ReAnalysis
system.
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analysis of increments, and are usually called ‘weakly’ coupled
DA as no cross-medium background-error covariances are used
(Luetal., 2015a; Sluka et al., 2016). In contrast, ‘strongly’ coupled
DA would use cross-medium background-error covariances in
the DA procedure to allow innovations in the atmosphere and
ocean to directly interact. Smith efal. (2017) confirm that, in
an idealized coupled model, significant cross error correlations
mainly exist in the AO boundary layer and are characterized by
diurnal and seasonal variations. More information may be gained
from each observation near the air—sea interface if observational
information can be spread through coupled background-error
covariances. Strongly coupled DA has mainly been tested in
idealized DA experiments (Zhang etal., 2007; Han etal., 2013;
Tardif etal., 2014; Smith etal, 2015, 2017; Lu etal, 2015a),
although experiments with more realistic general circulation
models have now begun (Lu et al., 2015b; Sluka etal., 2016).

A ten member ensemble AO coupled climate reanalysis over
the twentieth century, known as CERA-20C, has recently been
produced based on the CERA system (Laloyaux etal., 2016).
CERA uses a coupled land—atmosphere—wave—ocean—sea-ice
system with DA applied individually for the atmosphere and
ocean components, and with sea surface temperature (SST)
constrained to the Hadley Centre Sea Ice and Sea Surface
Temperature (HadISST2) gridded ensemble product (Titchner
and Rayner, 2014). CERA-20C is generated using an Ensemble of
Data Assimilations (EDA) scheme in the atmosphere (Isaksen
etal., 2010; Bonavita etal, 2016), and then perturbing the
ocean observations in the ocean, following the method used
in ECMWPF’s Ocean ReAnalysis System-5 (ORAS5; Zuo etal.,
2017). CERA-20C is the first twentieth century AO coupled
climate reanalysis ensemble.

Following the definitions above, CERA is a ‘weakly’ coupled
DA system, but the atmosphere and ocean components interact
at the outer-loop level of the DA process, e.g. their increments
interact through iteration of the coupled model (Laloyaux etal.,
2016). This article examines the AO coupling at the interface
in this new coupled climate reanalysis by focussing on the
relationships between the 2 m air temperature (T2m) and SST
ensemble members. Ensemble spreads (standard deviations of
the ensemble anomalies) and ensemble correlations between T2m
and SST ensemble members, at varying time-scales, are diagnosed
and interpreted. The T2m—SST relationships within the ensemble
members are established via a two-way control exerted by the
coupling processes at the air—sea interface. The study will consider
whether the atmosphere or the ocean is dominating the ensemble
variability of temperature at the air—sea interface, on different
time-scales.

The article is structured as follows. In section 2, CERA and
CERA-20C are introduced. In section 3, the ensemble spreads
in T2m and SST and their relationships are evaluated on sub-
daily to interannual time-scales, where the diurnal and seasonal
cycles are also diagnosed. Long-term variations of the ensemble
spreads and their relationships are also examined, both globally
and regionally, demonstrating sensitivities to the evolution of the
assimilated observations throughout the twentieth century. In
section 4, the origin of the SST spread is further discussed as the
main source for driving the T2m monthly variability. Conclusions
and discussions are provided in section 5.

2. CERA system and CERA-20C

The CERA system was initially built under a European Space
Agency project (Dee etal., 2014; Laloyaux etal., 2014) and has
been further developed under the EU project ERA-CLIM2,
based on a land—atmosphere—wave—ocean—sea-ice coupled
system. The coupled system includes (i) the Integrated Forecast
System (IFS) with the atmosphere model (ECMWEF, 2016), the
Hydrology Tiled ECMWE Scheme of Surface Exchanges over
Land (HTESSEL) land surface model (Balsamo et al., 2009), and
the WAve Model (WAM) for waves (Komen etal., 1994), and

(© 2017 The Authors. Quarterly Journal of the Royal Meteorological Society

(ii) the Nucleus for European Modelling of the Ocean (NEMO)
model (Madec, 2008) integrated with the Louvain-la-Neuve sea
Ice Model (LIM2; Fichefet and Maqueda, 1997; Bouillon etal.,
2009). The coupling frequency in CERA is 1h. The resolution
of the atmospheric model is set to T159/L91 (IFS cycle 41R2),
which corresponds to a 1.125° (125km) horizontal grid with
91 vertical levels between the surface and 0.01 hPa. The ocean
model (NEMO version 3.4) uses the ORCAI grid, which has
roughly a 1° (110km) horizontal resolution with meridional
refinement at the Equator. The ocean model has 42 vertical levels
from the surface down to 5350 m, with a first layer thickness
of 10m.

The atmosphere and ocean components of CERA assimilate
observations using incremental variational schemes (4D-Var in
the atmosphere and 3D-Var in the ocean), while the land,
ocean wave and sea ice models are running freely without
constraints from observations. In the atmosphere, an EDA scheme
is used to produce flow-dependent estimates of background-error
covariance (Isaksen etal., 2010; Bonavita etal, 2016). The EDA
scheme in CERA uses the ERA-20C method for atmospheric
component of background-error covariance (Poli etal, 2013),
based on ten members of a lower-resolution (T95) IFS model
run above the coupled SSTs as surface boundary conditions. For
the ocean, the background errors are parametrized in proportion
to the vertical gradient of the background temperature from
each member (Mirouze and Weaver, 2010). The atmosphere
observations and model physical tendencies are perturbed to
generate the atmosphere ensemble in CERA, while the positions
of the in situ observations are perturbed to generate the ocean
ensemble, following the method used for ECMWEF’s Ocean
ReAnalysis System-5 (ORAS5; Zuo etal., 2017).

In CERA, each member implements 4D-Var and 3D-Var to
produce the atmospheric and oceanic increments respectively,
using a common 24 h DA window. The increments are added
into the coupled states entirely at the start of each DA window.
In CERA, the coupling is introduced at the outer-loop level of
the variational method, which means that air—sea interactions
start being taken into account when the increments have been
applied to the initial conditions. In CERA, two iterations (two
minimizations and two analysis steps) are performed on each DA
cycle, allowing the oceanic (atmospheric) increments to influence
the atmospheric (oceanic) components (Laloyaux et al., 2016).

The twentieth century ten-member ensemble reanalysis using
the CERA system is known as CERA-20C, and we will use these
distinct terms throughout the article. The product is produced
from 14 individual streams, each of 10 years (2year overlap).
Each stream is initialized from the uncoupled reanalyses ERA-
20C (Poli etal., 2013) and ORA-20C (de Boisséson etal., 2017)
for atmosphere and ocean respectively. CERA-20C covers the
1900-2010 period with a temporal resolution of 3 h, and with
daily and monthly means also available.

The atmosphere model assimilates only surface pressure and
surface marine wind observations from the International Com-
prehensive Ocean-Atmosphere Data Set (ICOADS; Woodruff
etal,, 2011) and the International Surface Pressure Databank
(ISPD; Cram etal., 2015). The ocean model assimilates sub-
surface ocean temperature and salinity profiles from the EN4.02
observational dataset produced by the Met Office Hadley Cen-
tre (Good et al, 2013) with depth bias correction of mechanical
bathythermograph and expendable bathythermograph profiles
(Gouretski and Reseghetti, 2010).

In CERA-20C, the SST represents the temperature of the
ocean model top layer (first 10m). In the analysis process,
the ten member ensemble of SSTs are constrained towards
the ten realizations of a daily version of the monthly gridded
ensemble product HadISST2 (Titchner and Rayner, 2014), in
which the ensemble spread is designed to reflect the uncertainties
of observational sources and bias adjustments (Kennedy etal.,
2011). Please note that where night-time satellite data are used in
HadISST products, they have been adjusted to a daily mean using
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Figure 1. Means of 3 h ensemble spreads for (a) T2m and (b) SST, and (c) means of 3-h ensemble correlations between T2m and SST, for 1-31 January 2006. Daily
means of 3-h ensemble spreads for (d) T2m and (e) SST, and daily means of (f) T2m—SSTensemble correlations on 1 January 2006, after removing the monthly
means shown in (a)—(c). Note the different scales for T2m and SST values. Black contour in (c) shows values of 0.55 (90% confidence level). Correlation means are
calculated using the Fisher transformation. SST values on sea ice-covered areas are excluded. [Colour figure can be viewed at wileyonlinelibrary.com].

a bias-correction based on in situ SSTs for all hours (Rayner et al.,
2003). A Newtonian relaxation scheme, developed in the ocean
reanalysis system ORAS4 (Balmaseda etal., 2013), is applied as a
flux correction to the ocean top layer with a relaxation coefficient
of —200 Wm~2 K, which corresponds to ~2—3 day relaxation
time-scale. Because the depth of the ocean top layer (10 m) is not
shallow enough to represent the amplitude of the SST diurnal cycle
as seen by the atmosphere, a skin SST (SKT) scheme with a warm
layer of 3 m depth is applied within the atmospheric component
of the coupled system to capture the SST diurnal cycle (Zeng
and Beljaars, 2005; Takaya etal, 2010). In the analysis of high-
frequency variability (section 3.1), both SST and SKT are assessed.

3. Relationships between T2m and SST ensemble spreads

3.1. High-frequency variations

3.1.1.  Three-hour means

High frequency characteristics of the surface variables are
diagnosed by using 3 h fields each day from 0000 to 2100 UTC

(© 2017 The Authors. Quarterly Journal of the Royal Meteorological Society

throughout January 2006. Ensemble spreads and correlations
are calculated every 3h and then averaged over the month.
Figures 1(a)—(c) shows the average spreads in T2m and SST, and
the average correlations between them. Figures 1(d)—(f) shows
daily mean anomalies with respect to the monthly means on 1
January 2006, where a daily mean is used because later we will see
that a diurnal cycle also exists.

T2m has much larger spread over land (usually over 0.5°C)
than over oceans (Figure 1(a)). The smallest T2m spread (less
than 0.2°C) is found in the Southern Ocean and the eastern
South Pacific and South Atlantic, where it is local summer.
The largest T2m spread over the oceans (over 0.3 °C) is along
the Intertropical Convergence Zone (ITCZ), the South Pacific
Convergence Zone (SPCZ), and over ocean western boundary
currents and fronts. Strong atmospheric instability, which can be
demonstrated by the large sea—air temperature differences (SST
minus T2m ensemble mean) at the surface (Cayan, 1980), is seen
in these regions (Figure S1(a) in supplementary material). The
T2m spread shows small-scale daily weather-related signatures of
up to 0.3 °C, especially in midlatitudes where storms are frequent
(Figure 1(d)).

Q. J. R. Meteorol. Soc. (2018)
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Figure 2. Hovmoller diagrams of synoptic anomalies of ensemble means for (a) T2m (over oceans only), (b) SST, (¢) SKT, and (d) synoptic anomalies of SST-T2m

difference, against times 0000, 0300 ...

2100 UTC through January 2006. Equivalent anomalies of ensemble spreads for (e) T2m, (f) SST and (g) SKT, and (h)

anomalies of T2m—SST ensemble correlations. Values are averaged between 60°N and 60°S within 10° bins of longitude, with land and sea ice-covered areas excluded.
Note the different scales in different panels. [Colour figure can be viewed at wileyonlinelibrary.com].

The SST spread is much smaller than the T2m spread over the
oceans, and their spatial features are very different (Figure 1(b);
note the different colourscales between (a) and (b)), indicating
that the 3-h variability in T2m is also atmospherically driven. The
largest values of the SST spread (over 0.12 °C) are in midlatitudes
of the summer hemisphere and in upwelling regions where a
shallow mixed-layer depth (MLD) (Figure S1(b)) allows SST to
respond quickly (with large spread) to air—sea flux anomalies.
Small-scale daily anomalies are also seen in the SST spread
(Figure 1(e)), with largest absolute values where monthly mean
values are also large. The SST spread is generated in the coupled
ocean model but is also constrained by the SST relaxation scheme.
(This will be discussed in section 4.)

Correlations between T2m and SST ensemble members are
strongest (over 0.55) in regions of large SST spread (Figure 1(c)),
where turbulent air—sea fluxes dominate the T2m variability
under a stable atmospheric boundary (Figure S1(a)). In contrast,
the weakest correlations are associated with instability in the
atmospheric boundary in tropical precipitating regions, such as
the ITCZ and SPCZ where the T2m spread is also very large. We
show later that precipitation corresponds to cooler near-surface
air temperatures, due to the re-evaporation of precipitation at
lower levels as implemented in IFS (ECMWEF, 2016). This weakens
any relationship with the SST variability (this will be discussed
in details in section 3.2). Correlation anomalies on daily time-
scales (Figure 1(f)) associated with atmospheric weather-scale
variations are generally weak. In general, higher coupled ensemble
correlations on short time-scales can only be found under calm
atmospheric conditions, with shallow atmospheric and oceanic
boundary layers, associated with regions of smaller T2m spread
and larger SST spread, where the reduced atmospheric variability
allows SST and T2m to become coupled.

3.1.2.  Diurnal cycle

The 3-h frequency in the CERA-20C output allows us to analyse
the diurnal cycle of the ensemble mean and spread. The average

(© 2017 The Authors. Quarterly Journal of the Royal Meteorological Society

diurnal cycle of the January 2006 data between 60°N and
60°S is obtained by averaging values at times 0000, 0300,
2100 UTC, and then removing the daily mean. Figure 2 shows a
longitudinal Hovmoller diagram of the mean diurnal anomalies.
Figures 2(a)—(d) shows anomalies in T2m only over oceans, SST,
SKT and SST-T2m temperature difference. Figures 2(e)—(h)
shows the same for the ensemble spreads and T2m—SST ensemble
correlations.

A westward propagating diurnal cycle is clear in both means
and spreads of the temperatures, except in the T2m spread. The
diurnal cycle of temperatures is at a maximum in late afternoons
and at a minimum around sunrise (Figures 2(a)—(c)), associated
with the diurnal solar heating. The diurnal cycle in T2m reflects
the impact of the SKT scheme (Zeng and Beljaars, 2005; Takaya
etal.,2010) on the atmosphere. As the warm layer depth in the SKT
scheme is 3 m and the SST represents the top 10 m, the amplitude
of the diurnal cycle of SST (0.05°C as a global average) is about
one third the amplitude of SKT (0.14 °C as a global average). The
amplitude of the diurnal cycle of T2m over the oceans (0.2°C)
is slightly larger than the amplitude of SKT. The diurnal cycle
of SST and T2m peaks at the same time, corresponding to the
minimum SST-T2m difference (Figure 2(d)), while SKT tends
to peak slightly earlier (by ~3 h). The lag of SST and T2m to SKT
might be related to a diurnal cycle in wind speed (not shown),
which starts building up in later afternoons helping the surface
heat to mix downward through the warm layer and increasing the
upward surface turbulent fluxes.

Similarly, the diurnal cycle of the SST spread (with amplitude
of 0.001 °C as a global average) is much smaller than the diurnal
cycles of the SKT spread (with amplitude of 0.01 °C as a global
average) (Figures 2(e)—(g)). However, no diurnal cycle of the
T2m spread over the oceans is clearly seen. We think this is
related to the strong atmospheric variability within 3 h, which
masks the diurnal signal of T2m spread, and perhaps additionally
the analysis procedure may generate larger T2m spreads just after
the increments are added (2100 UTC). The largest diurnal cycle
of SST spread (with amplitude of 0.002 °C) is in the Indian Ocean

Q. J. R. Meteorol. Soc. (2018)
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Figure 3. Means of monthly ensemble spreads for (a) T2m and (b) SST, over 2006—2010. (c) shows means of monthly ensemble spread ratio between T2m and SST,
and (d) means of monthly ensemble correlations between T2m and SST, over 2006—2010. Contours show values of 1.0 in (c) and 0.55 (90% confidence level) in (d).
Correlation means are calculated using the Fisher transformation. SST values on sea ice-covered areas are excluded. [Colour figure can be viewed at wileyonlinelibrary

.com].

(30—-100°E) where the proportion of subtropical ocean is high.
The diurnal cycle of the spread is generally about 1% and 4% of
the means of SST and T2m spreads, respectively.

The T2m-SST ensemble correlations also show a diurnal
cycle (Figure 2(h)), with an averaged amplitude of 0.03 (8%
of the mean of correlations). This indicates the high-frequency
variations of the air—sea coupling. T2m and SST ensembles
have the highest correlations in late afternoons and the lowest
before sunrise, corresponding to the most stable and unstable
atmospheric boundary conditions during the day (e.g. air—sea
temperature differencesin Figure 2(d)). The diurnal cycle of
T2m-SST ensemble correlations can reach up to 0.2 in some
areas around the ITCZ (Figure S2), probably due to modulation
of the diurnal cycle of precipitation.

3.2.  Monthly time-scale variations

We expect the air—sea coupling strength to increase over longer
time-scales and indeed these are the relationships that would be
most useful for initializing longer-range forecasts. To investigate
how the coupling strength increases and changes seasonally, and
how the coupling strength is phase lagged to the seasonal cycle in
the ocean and atmosphere, allowing identification of the forcing
patterns, we work with monthly ensemble diagnostics.

Averaging each ensemble member throughout each month
before calculating the ensemble mean and spread in T2m and
SST vyields the lower frequency signals. The seasonal cycle over
the last 5 years (2006—2010) is assessed by least squares fitting the
monthly properties to the following equation:

n(t) = Po + Aacos((t — ¢)27/12),

where () is the monthly value at time ¢ (in months), B is the
5-year mean value, and A, and ¢, are the seasonal cycle amplitude
and phase. No trend is considered although longer-term trends

(© 2017 The Authors. Quarterly Journal of the Royal Meteorological Society

in earlier periods do exist (section 3.3). The regression is based on
bootstrapped confidence intervals running for 1000 times, where
95% is taken as the confidence level.

3.2.1. Time means

The T2m monthly spread on land and polar regions is quite high
(over 0.2°C), while the values over the oceans are much lower
(less than 0.2°C) (Figure 3(a)), again indicating the impact of
SST on the marine T2m. Over oceans, the T2m and SST monthly
spreads (Figures 3(a) and (b)) have the largest values (over 0.1 °C)
in regions with strong ocean dynamics. The smallest spreads (less
than 0.06 °C) are seen in the northeastern Atlantic and Pacific and
some parts of the Southern Ocean where the MLD is deep (over
100 m, Figure 4(a)). Unlike the high-frequency spreads, these
T2m and SST monthly spreads have very similar patterns and
magnitudes over the oceans, with the SST spread mostly being
slightly larger than the T2m spread (Figure 3(c)). Exceptions are
again seen in the ITCZ and SPCZ and in some areas close to
the Antarctic, where the T2m spread can be twice as large as
the SST spread. In the tropical convergence zones, large T2m
monthly variability is internal to the atmosphere (e.g. from the
Madden—Julian Oscillation), rather than being forced by the
SST. Close to the Antarctic, the T2m monthly spread is large
(Figure 3(a)) due to the strong temperature gradients over ice,
while the SST spread is small (Figure 3(b)) as SST needs to
remains near freezing, leading to large T2m—SST spread ratios
(Figure 3(c)).

Over most of the oceans, the SST is the main source of
T2m monthly variability through upward surface turbulent fluxes
(sensible and latent heat fluxes), as the SST is higher than the T2m
(Figure 4(b)) and the SST spread is usually larger (Figure 3(c)).
In the northern North Pacific and northwest Atlantic in July,
temperature gradients are reversed (T2m higher than SST),
but latent heat fluxes will dominate here and the SST spread
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remains larger than the T2m spread. Low-to-intermediate air—sea
temperature differences (SST-T2m ensemble mean difference
less than 1.5 °C, Figure 4(b)) allow shallow stable boundary layers
to develop where cross-medium fluxes lead to the correlated
T2m—SST variability (Figure 3(d)). This is particularly true in
summer and in the ocean upwelling regions when the spreads are
both largest, corresponding to stronger correlations (over 0.8).
This explains some of the largest values of the time means of
ensemble correlations (Figure 3(d)).

Over some tropical ocean regions such as the ITCZ and SPCZ,
because of the strong atmospheric instability i.e. deep convection
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(SST-T2m ensemble mean difference over 2 °C, Figure 4(b)),
the T2m varies greatly between ensemble members but the SST
varies much less (Figure 3(c)). The additional T2m spread that is
generated by the internal variability leads to the weakest T2m—SST
correlations (less than 0.3). For demonstration, Figures 5(a) and
(b) shows the strong relationship between the SST and T2m
ensemble anomalies in a 3-degree box centred at 0°N, 120°W in
the eastern Equatorial Pacific where the SST anomalies are largely
changed by the equatorial currents, using July data. In contrast,
at 0°N, 150°E within the ITCZ region, SST and T2m ensemble
anomalies show no clear relationship (Figures 5(c) and (d)). At
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this location, ensemble members with higher precipitation rates
(coloured red in Figure 5(d)) are associated with negative T2m
anomalies, while ensemble members with deeper MLD (red in
Figure 5(c)) have negative SST anomalies. We think the link
between T2m and precipitation is due to the cooling effect of
re-evaporation in the lower atmosphere represented in the IFS
atmosphere model (ECMWE, 2016). SST cooling is not associated
with increased precipitation (Figure 5(d)), ruling out the solar
radiation, which is due to more precipitating clouds, as the cause
of cooler T2m. These modulations of the anomalies prevent
correlated relationships forming between T2m and SST via the
surface turbulent fluxes where deep atmospheric convection is
prevalent, and this is also found in the high-frequency (3 h)
correlations.

3.2.2.  Seasonal cycle

The T2m and SST monthly spreads have a significant seasonal
cycle over most of the oceans (Figures 6(a) and (b)). The T2m
spread has a much bigger seasonal cycle over land and polar

(© 2017 The Authors. Quarterly Journal of the Royal Meteorological Society

regions than over the oceans. The seasonal cycle of the T2m
spread is usually less than 0.02 °C over the oceans, about 20% of
the time-mean spread, while the seasonal cycle of the SST spread
is larger than 0.02 °C in mid-to-high latitudes, about 20—-50% of
the time-mean spread. The seasonal cycle of the T2m spread is
reduced in the areas with small seasonal changes in atmospheric
instability (Figure S3), and the seasonal cycle of the SST spread is
small in the Tropics (Figure 6(b)) because of the lack of seasonality
in MLD (Figure S3).

The SST spread is largest in summer (Figure 6(e)), clearly
associated with seasonal variations in MLD (Figure S3). In the
North Pacific and Southern Hemisphere (SH) subtropics, the
maximum T2m spread is in the summer when the SST spread is
also largest (Figures 6(d) and (e)), confirming the T2m spread is
driven by the SST. In the Southern Ocean (50-60°S) and along
the North Atlantic storm track above the warm ocean currents,
the T2m spread peaks in the winter season due to strong instability
caused by the large surface temperature gradients. In the tropical
North Pacific, the T2m spread peaks in August—September when
tropical convection is strongest (Figure S3).
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The seasonal cycle of T2m—SST ensemble correlations can
be clearly seen over most of the oceans (Figures 6(c) and (f)),
except in some strong atmospheric convection regions and ocean
upwelling regions. The seasonal amplitude of the T2m-SST
correlation coefficient is usually larger than 0.1 (more than 15% of
the time mean), with largest values (over 0.3) in the Northwestern
Pacific and the Northeastern and tropical Atlantic. At mid-to-high
latitudes, the correlations peak in local summer time (Figure 6(f))
when the SST spread is also largest (Figure 6(e)), indicating
the ocean as the main driver for the T2m—SST relationships in
these regions. At low latitudes, the correlations peak in local
spring (March—June in the north and September—December in
the south) (Figure 6(f)). This is when tropical convection is
weakening/enhancing in the northern/southern Tropics (Figure
S3), showing the weakening impact of atmospheric instability on
the air—sea coupling.

3.3, Long-term evolution

3.3.1.  Global average
In this subsection, we evaluate the long-term changes in the
analysis spread over 1900—2010 using monthly mean ensemble
products (thin lines in Figure 7). A 12-month moving average
excludes the seasonal cycle (thick lines in Figure 7). The
global average of the SST is about 1.5°C higher than the
global average of the T2m over the oceans throughout the
whole period (Figure 7(a)). SST and T2m show very similar
interannual variations in both ensemble mean and ensemble
spread (Figure 7(b)), indicating the overall coupling between SST
and T2m. The spreads in the early twentieth century are larger with
values of ~0.20 °C for SST and ~0.27 °C for T2m, and decrease to
values less than 0.1 °C by 2010. The long-term variations of SST
spread are overall determined by the HadISST2 dataset via the
SST relaxation scheme (this will be discussed in section 4). The
downward trends reflect the growing availability of observations.
The ensemble spreads suddenly increase in the 1910s and the
1940s (Figure 7(b)) due to data-sparsity during the two World
Wars (Rayner efal., 2003). Spreads decrease around 1980 and
2008, coinciding with the introduction of Advanced Very High
Resolution Radiometer (AVHRR) data from NOAA, and MetOp
satellites, respectively, into the HadISST2 product. Prior to the
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1970s the T2m spread is larger than the SST spread, and the two
spreads are much closer thereafter with the T2m spread becoming
smaller, corresponding to the decreasing ratio and increasing
correlations between T2m and SST spreads (Figure 7(c)). We find
this is related to the changes in the wind spread (Figure 7(b)).
In the early years, when the wind is not well constrained due
to the sparse observations, the T2m spread is large among the
ensemble members because of the lack of control on atmospheric
dynamics. As the wind spread reduces in recent decades, the T2m
spread decreases.

The global average for T2m—SST ensemble correlations starts
at ~0.55 in the early twentieth century, and steadily increases
to 0.7 by around 1980 at the start of the satellite era when the
SST spread suddenly reduces as SST quality improves due to the
availability of remote sensing in HadISST2 (Figures 7(b) and (c)).
Then, the global average for correlations suddenly decreases to
0.55. The T2m—SST spread ratio is decreasing when the ensemble
correlations are increasing. The T2m—SST ensemble correlations
initially reduce when new satellite data start to come in around
1980 and 2008, and then recover. This predominantly arises from
the changes in the SH and will be discussed in the next subsection.

3.3.2.  Midlatitudes

In the SH midlatitudes (30—60°S), the ensemble spreads of
T2m and SST are both large in the first half of the twentieth
century (Figure 8(a)), with values ~0.4 and 0.2 °C, respectively,
reflecting the less constrained atmospheric and oceanic dynamics.
As more observations become available, the two spreads converge
towards values ~0.1°C. In the Northern Hemisphere (NH)
midlatitudes, observations increase rapidly in the early twentieth
century and the spreads decline correspondingly (Figure 8(d)),
while the T2m—SST ensemble correlations increase to values over
0.7 (Figure 8(e)). Note the large seasonal variations of spreads
and their relationships (thin lines in Figure 8).

In the SH midlatitudes, the T2m spread is larger than the
SST spread in the first half of the century, and the T2m—-SST
ensemble correlations are weaker during this period (Figure 8(b)),
indicating less control of SST on the T2m spread. The spread
of surface winds significantly influences the T2m spread in
these early years as wind observations are very limited and
atmospheric dynamics dominate the T2m spread (Figure 8(a)
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and (c)). The spread of 10 m meridional wind (10v), which
regulates the southward/northward movement of warm/cold air
in SH midlatitudes, can reach up to 1 ms~! in these early years.
In later years when the wind is more constrained, the T2m spread
reduces with less association with the wind spread and more
coupling with the SST spread.

The larger spreads during the World Wars (in the 1910s and the
1940s) can be seen in both the SH and NH, and the sudden changes
in T2m—SST correlations around 1980 can be seen to occur in the
SH but not the NH (Figure 8). The SH sees the biggest changes
when satellite data become available around 1980, permanently
reducing the SST spread dramatically. However, the T2m spread
temporarily reduces more than the SST spread, which leads to a
brief increase in T2m—SST correlations. The reasons for this are
hard to understand, but may be linked to a temporary dip in the
surface wind spread, reducing wind impacts on the T2m.

3.3.3.  Tropics
In the Tropics, the Western Equatorial Pacific and Nifio3.4
(120°-170°W; 5°S—5°N) regions are compared in Figure 9. The
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Western Equatorial Pacific shows a warming trend in both T2m
and SST (Figure 9(a)). The monthly spreads gradually decline
from 0.2 to less than 0.1°C over the century, without much
interannual variability (Figure 9(b)), and the T2m—SST ensemble
correlations are always less than 0.3 (Figure 9(c)), indicating
the consistently weak coupling between T2m and SST monthly
variability. The weak coupling reflects the deep convection, which
is also indicated by the large air—sea temperature differences
(SST-T2m~2.5°C). When the convection is weaker during
El Nino events due to the warm pool moving to the east, for
example in November 1997 (Figure 10(a)—(c)), the shallower
atmospheric boundary layer allows SST to considerably force
T2m in the west, leading to noticeable increase of T2m—SST
correlations, although still remaining less than 0.5.

In the Nifio3.4 region, both ocean and air surface temperatures
have profound interannual variations (Figure 9(d)), related to
ENSO. The SST and T2m spreads again both decline with time
(Figure 9(e)), and the SST spread is slightly larger than the
T2m spread, indicating the normal dominance of SST monthly
variability. However, the T2m—SST ensemble correlations exhibit
striking interannual variability (Figure 9(f)), ranging from 0.8
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to 0.25. During El Nifo events Figure 10(a)—(c), the T2m—-SST
correlations are weak over Nifio3.4 as the Pacific warm pool
moves in, building up the deep convection (also corresponding
to an increase in air—sea temperature difference; Figure 9(f)),
which tends to influence the air temperatures via the strong
precipitation. T2m and SST therefore become more independent
during El Nifio events. Conversely, during La Nina events, for
example in November 1998 (Figure 10(d)—(f)), the warm pool
moves out the Nifio3.4 region, convection and precipitation are
weakened, and very stable atmospheric boundary conditions
allow the SST to drive the surface air temperature, producing
particularly strong T2m—SST correlations.

4. Determining the SST spread

Over most of the oceans, particularly in the recent period
with good observation coverage, low-frequency SST spread is
larger than the T2m spread and their correlations are high
(Figure 3), indicating that the T2m variability is mainly forced by
SST, so it is important to understand how the SST ensemble
variability is generated. In CERA-20C, SST is constrained
towards the ten initializations of the monthly gridded ensemble
product HadISST2 (Titchner and Rayner, 2014), via a Newtonian
relaxation scheme (Balmaseda et al., 2013), but the analysed SST's
do differ from the HadISST?2.

(© 2017 The Authors. Quarterly Journal of the Royal Meteorological Society

Spatial features of the SST spread in CERA-20C agree well with
those in HadISST2 (Figure 11). Long-term variations of the SST
spread are also similar between products (Figure 12), reflecting
the overall decrease of uncertainties in SST observational sources
and bias adjustments (Kennedy et al., 2011). However, CERA-20C
SST has a smaller spread than HadISST2 nearly everywhere during
the twentieth century (Figures 11 and 12), and the differences
are larger in cold seasons when the spread is usually smaller
(Figure S4). The global average of the difference is 0.11-0.05°C
(Figure 12), amounting to a reduction ~25-45% from the
HadISST2 spread. Discrepancies are smaller in the satellite era
when the HadISST2 spread is smaller.

The global average of CERA-20C SST is about 0.04 °C higher
than HadISST2, which remains similar throughout the century
(yellow lines in Figure 12). The regions with larger SST mean dif-
ferences between CERA-20C and HadISST?2 are also the regions
where the SST ensemble spreads differ more (Figure S4), for exam-
ple in the western boundary currents and Southern Ocean, imply-
ing the ensemble spread and ensemble mean bias may be related.
The CERA-20C mean SST bias is also present before the satellite
era, so it is likely to be unrelated to uncertainties in satellite data
used in HadISST2 or the availability of other observations. We
conclude that both the higher mean SSTs than HadISST2, and the
smaller SST spread, must be due to background bias in the ocean
model of CERA-20C. The ocean model is generally drifting warm
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Figure 12. SST monthly ensemble spread in HadISST2 (blue) and CERA-20C
(red), and their differences (green), for a global average (60°N—60°S) with sea-ice
covered areas excluded, over 1900—2010, together with differences of SST monthly
ensemble mean between HadISST2 and CERA-20C(yellow). Thin lines are for
the monthly values, while thick lines are for the 12-month moving average. The
spikes in the monthly values denote seasonal variations. [Colour figure can be
viewed at wileyonlinelibrary.com].

and also has a tendency to collapse the SST spread. This suggests
that ensemble inflation would be needed to make the SST spread
realistic for using as an estimate of errors (Isaksen etal., 2010).
Itis desirable for the ensemble spread to reflect the uncertainties
of the ensemble mean for representing the ‘truth’. One might
expect that since CERA-20C assimilates observations other than
just SST, that the CERA-20C mean SST should be more accurate
than HadISST2, and that this would be properly represented by
a smaller ensemble spread. However, the reduction of CERA-
20C SST spread from HadISST2 spread is not a function of
the availability of other observations (e.g. wind observations
and ocean profile data), and it consistently appears with nearly
constant values prior to 1980, even in the early years when
very limited observations are assimilated. Therefore, the overall
smaller SST spread in CERA-20C than in HadISST2 should not
be interpreted as greater confidence in the SST ensemble mean
results, and is rather due to model error as discussed above.

5. Conclusions and discussions

ECMWEFE has produced the first AO coupled reanalysis ensemble
for the twentieth century, called CERA-20C, using the CERA
coupled DA system. CERA produces DA increments in the
ocean and atmosphere individually, with the SST constrained
by the HadISST2 product. Because CERA does not use coupled
background-error covariances, the system has been labelled as
a ‘weakly’ coupled DA system (Laloyaux efal., 2016). However
in CERA the strength of AO coupling in the DA is enhanced
by applying multiple iterations in the DA outer loop, allowing
the observational increments from ocean and atmosphere to
communicate within each 24 h cycle. This paper focuses on
the T2m—SST relationships in this coupled climate reanalysis
using ensemble statistics. Because the air temperature is not
assimilated in CERA-20C, the T2m—SST ensemble relationships
are built up through the two-way coupling exerted in the
coupled analysis system. This article explains how and where
the atmosphere and/or the oceans are driving the ensemble
variability of temperature at the interface on different time-scales.

At high frequencies (3-hourly), the T2m ensemble spread is
always larger than the SST spread over the oceans, and the two
spreads have very different spatial patterns, indicating different
sources for the development of the temperature variability. The
T2m spread is significantly driven by the underlying SST spread
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only where the atmospheric boundary conditions are very stable.
At high frequencies the rapidly evolving atmosphere usually does
not depend on details of the ocean variability which are changing
more slowly. Daily-varying features and a large-scale diurnal cycle
are both distinguishable in the spreads and their correlations,
highlighting the high-frequency dynamics reproduced by CERA-
20C.

In contrast, the low-frequency (monthly) T2m ensemble
variability is closely coupled with the SST ensemble variability.
In recent well-observed period (2006—2010), over most of the
oceans the T2m spread is slightly smaller than the SST spread
with very similar large-scale spatial distributions, and the two
spreads are well correlated. This close relationship on monthly
time-scales is established through the SST forcing. However, in
some tropical regions e.g. ITCZ and SPCZ, the T2m spread can
still be double the SST spread on monthly time-scales, with much
weaker correlations due to the strong atmospheric instability
impacting on T2m. The T2m—SST relationships exhibit a clear
large-scale seasonal cycle, with peak values in summer when both
atmospheric and oceanic boundary layers are stable and shallow.

As more observations become available throughout the
century, the SST and T2m spreads decline globally and become
more correlated. In the early years in SH midlatitudes, the T2m
spread is less coupled with the SST spread as the winds are
less constrained by observations within the ensemble members.
When the atmospheric circulation is better constrained in later
decades, the T2m spread is reduced and is more coupled with
the SST spread. In the Nifio3.4 region, a striking interannual
variability of T2m—SST correlations is found related to ENSO,
as the convective warm pool moves interannually. We further
found that the SST monthly spread in CERA-20C is constrained
by HadISST2 in terms of spatial and temporal variability, but
with considerable discrepancies, which are changing with time.

In CERA-20C, the air-sea interactions are represented
in the two-way coupling between ocean and atmosphere
boundary layers. This makes the reanalysis suitable for further
analysis of other boundary-layer processes. For example, the
SST—precipitation relationship, which is important for tropical
variability, should be better represented in this coupled climate
data than in uncoupled products. This relationship is being
examined in more detail and will be presented in another article.
We also note that a higher resolution (1/4°) version of the CERA
system (CERA-SAT) is being produced using satellite observations
for short periods (Buizza et al., 2017), which will better represent
small-scale features of the ocean and atmosphere; the analysis of
these may help to explain more detailed aspects of the coupled
variability.
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The following supporting information is available as part of the
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Figure S1. (a) means of temperature ensemble mean differences
(SST-T2m) and (b) means of MLD ensemble mean, averaged
over daily fields throughout January 2006. Contour line shows
values of 2°C in (a) and 20m in (b). Values in high latitudes
(70-90°N, 70—90°S) and in sea ice-coved areas are excluded.
Figure S2. Amplitude of diurnal cycle of T2m-SST ensemble
correlations, in January 2006. Values in high latitudes (70—90°N,
70-90°S) and in sea ice-coved areas are excluded.
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Figure S3. Panel (a, b) seasonal cycle amplitudes of temperature
monthly ensemble mean difference (SST-T2m) and of MLD
monthly ensemble mean, over 2006—2010. Panel (¢, d) seasonal
cycle phases (peaking time) corresponding to the amplitudes in
(a, b), started at 1 January. Grey areas in (a, b) are the locations
where the seasonal cycle regression does not pass the significance
test at 95% confidence levels. Land and sea ice-covered areas are
excluded.

Figure S4. Panel (a, b) SST monthly ensemble mean differences
between CERA-20C and HadISST?2, averaged in January and July
of 1900-2010. Panel (c, d) same as (a, b) but for SST monthly
ensemble spread differences. Sea ice-covered areas are excluded.
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