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Abstract Precipitation (P) and freshwater (£-P) fluxes at
the air-sea interface are investigated in the Atlantic
Ocean sector using the reanalyses of the European Cen-
tre for Medium Range Weather Forecasts (ERA) and of
the National Centers for Environmental Prediction
(NCEP). A canonical correlation analysis method be-
tween these fields and sea level pressure (SLP) is used to
identify patterns. We also test whether precipitation and
freshwater fluxes can be reconstructed from SLP data. In
the winter months, patterns associated with both the
North Atlantic Oscillation (NAO) and the East Atlantic
(EA) mode are identified. The signals are strong enough
to be reconstructed from the reanalysis fields, and they
correspond to a significant part of the variability. The
NAO signal is more robust than the EA one. The NAO-
related variability mode is also present when the monthly
precipitation rate is averaged for the winter season and
even for annual averages. However, in the later case,
other variability of natural origin (for instance, ENSO
variability) or noise from the model and assimilation
system prevents the reconstruction of E-P associated
with NAO from SLP variability. Difficulties are identi-
fied in the tropical Atlantic with a different behaviour of
NCEP and ERA precipitation variability, especially near
the Inter Tropical Convergence Zone (ITCZ). The ERA
patterns suggest a NAO signature in the tropical Atlantic
which has clear monthly patterns and indicates a link
between the phase of NAO and changes in the position
and intensity of ITCZ. However, the analysis of winter
rainfall based on satellite and in situ data does not sup-
port the monthly tropical pattern of ERA precipitation
although it suggests a relation between convection near
15°S and NAO during northern winter.
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1 Introduction

Much is known about air-sea heat exchanges and their
effect on the atmosphere and ocean. For instance, a large
portion of the sea surface temperature (SST) variability
can be understood as a response to the air-sea heat fluxes
with much of the latent heat associated with evaporation
(e.g. Frankignoul et al. 1998; Halliwell 1998; Seager et al.
1999). It has been suggested that subtropical and mid-
latitude SSTs are influencing the midlatitude atmospheric
variability through atmospheric heating processes in
which evaporation and precipitation are important
factors (Palmer and Sun 1985; Rodwell et al. 1999).

Changes in the air-sea freshwater flux affect salinity,
and therefore the upper ocean layer density and strati-
fication. Net freshwater fluxes over the whole North
Atlantic have been shown in model studies to have an
influence on the thermohaline circulation if they last
long enough (Rahmstorf 1995). A change of this flux has
been shown to happen during El Nifio events (for ex-
ample, Schmittner et al. 1999). Large changes in the
stratification have been found in the upper surface layers
of the subpolar gyre (Dickson et al. 1988; Lazier 1995;
Curry et al. 1998). Model studies suggest that this could
result in changes in the formation rate of deep water and
therefore could affect the strength of Atlantic meridional
overturning circulation (MOC) (Mauritzen and Hikki-
nen 1997; Hékkinen 1999a), and indirectly the distri-
bution of SST. It is not clear to what extent changes in
the air-sea freshwater fluxes have contributed to these
changes and to the variability of the observed surface
salinity changes in the subpolar gyre.

Having a good estimate of the freshwater exchanges
at the air-sea interface and of their relation to the
atmospheric modes of variability would therefore
contribute to a better understanding of the variability of
the North Atlantic. Cayan (1992) has found that the
evaporation over the Atlantic is related to both North
Atlantic Oscillation (NAO) and Eastern Atlantic (EA)
modes. NAO is the dominant mode of variability in the
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North Atlantic sector throughout the year, although it is
most pronounced during winter. The phenomenon has
been defined in the sea level pressure (SLP) anomaly
field as a dipole-like structure with centres of action near
the Icelandic low and the Azores high (e.g. Walker and
Bliss 1932; van Loon and Rogers 1978). Complementary
changes in westerlies over the North Atlantic and in
trades over the tropical Atlantic together with heat flux
and sea surface temperature anomalies characterize the
two NAO phases (Cayan 1992; Wallace et al. 1990). The
Eastern Atlantic pattern is the second of the dominant
modes of low frequency variability over the North At-
lantic, appearing in all months except May—August. The
main SLP anomaly centre in the EA pattern is situated
over the mid latitude regions, between the two NAO
variability centres. A lower latitude EA centre is also
present showing a connection with the subtropical ridge
(Barnston and Livezey 1987).

However the large-scale features of freshwater ex-
change and precipitation at the ocean surface are still
rather uncertain over the Atlantic. There is some evidence
from data that NAO is associated with distinctive pat-
terns of precipitation and freshwater fluxes (Cayan and
Reverdin 1994). According to meteorological forecast
model analyses and reanalyses, the two opposing NAO
phases strongly affect the winter temperature and pre-
cipitation conditions over the Atlantic sector and the
nearby continental areas from monthly to decadal time
scales (Hurrell 1995; Hurrell and van Loon 1997; Dai
et al. 1997). The composite plots of vertically integrated
moisture transport in (Hurrell 1995) show that during
high NAO index intervals the axis of moisture transport
shifts to a more southwest to northeast orientation across
the Atlantic and extends towards northern Europe and
Scandinavia. A significant reduction of the total atmo-
spheric transport occurs towards southern Europe and
North Africa. Atmospheric general circulation models
(AGCM) forced by specified SST anomalies also display
changes of the precipitation patterns. In Palmer and Sun
(1985), in response to SST anomalies in the northwestern
Atlantic, the main precipitation anomalies were over the
area of forcing. In Rodwell et al.’s (1999) response to
observed SST distribution, the precipitation response that
is associated with an atmospheric mode resembling NAO
is also mostly over the area of the largest SST anomalies.

Our main goals here are firstly to relate the large-scale
variability of the freshwater flux (£-P) and precipitation
over the North Atlantic Ocean to known patterns of at-
mospheric circulation, and secondly to test whether
freshwater flux and precipitation can be reconstructed
over a longer period, based on better-known time series of
dominant atmospheric variability. The main emphasis is
from the subtropics to the high latitudes, and tropical
modes of variability will be identified only to the extent
that they are related to extra-tropical variability. The data
sets used have known flaws in the tropics or are not long
enough for the investigation. Also, in the tropics, the
variability is influenced by external forcing, in particular
by ENSO, with large associated signals in rainfall near
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northern South America and in the Gulf of Mexico, where
it explains more than 10% of the winter variance ac-
cording to a linear regression on the Nifno3 equatorial
Pacific temperature index (see also Giannini et al. 2000;
Ropelewski and Halpert 1996, for studies on this subject
in the Atlantic sector). However, this large ENSO-related
variability corresponds only to a small part of the spatially
integrated variance at subtropical and higher latitudes.

Global reanalyses made at the European Centre for
Medium-Range Weather Forecasts (ECMWF) and at
the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/
NCAR, that we will refer to as NCEP) are now available
that can provide the temporal and spatial variability of
freshwater fluxes (Kalnay et al. 1996; Gibson et al.
1997). Canonical correlation analysis (CCA) is used to
identify the related patterns of freshwater flux, precipi-
tation and SLP anomalies. The identified canonical
correlation modes are further used to build a multiple
regression model for the reconstruction of E-P and
precipitation variability from SLP data. Among other
statistical techniques used to analyze coupled variability
modes, the CCA has the advantage of finding coupled
spatial patterns best correlated in time for the multiple
regression model.

2 Data

In the present study, monthly rates of precipitation and evapora-
tion for the domain 90°W to 30°E and from 30°S to 90°N are
extracted from the re-analyses of the European Centre for Medium
Range Weather Forecasts (ECMWF) and of the National Centers
for Environmental Predictions (NCEP). The two reanalyses prod-
ucts are used because they are based on somewhat different data
and assimilation schemes, and provide therefore two different
estimates of the actual variability. The common period is short
(1979-1993), but proved sufficient for identifying patterns which
can be checked in NCEP for a longer period (1957-1999), and
validated by comparisons with data-based retrievals of the pre-
cipitation (either from ship reports or satellite data; see the dis-
cussion section). Monthly means of sea level pressure over the
North Atlantic region are extracted from the NCEP reanalysis
from 90°W to 30°E and from 0° to 90°N.

The NCEP reanalyses use a global data assimilation system
which is kept unchanged over the period 1957 through 1999
(Kalnay et al. 1996). The NCEP reanalyses are not initialized
because the statistical spectral interpolation eliminates imbalances
in the initial state. The re-analysis incorporates all the data of the
operational analyses enhanced with observations from aircraft,
cloud winds, SSM/I winds after July 1987, and additional ship
observations, as well as data from the special observation periods
FGGE and Alpex. The NCEP precipitation and surface fluxes are
derived from the model 6-h forecasts.

The ECMWEF reanalysis (ERA) archive contains global ana-
lyses and short range forecasts of all relevant weather parameters
obtained with an invariant and consistent data assimilation system
which is kept unchanged over the interval 1979-1993. The data
assimilation system is a special version of the operational data
assimilation scheme and adiabatic nonlinear normal mode initial-
ization. As in the NCEP reanalysis experiment, the data base has
been enhanced with data not available when operational analyses
were made, and in addition includes one-dimensional variational
physical retrieval of TOVS cloud-cleared radiance data. The SST
boundary conditions differ slightly from NCEP, but in both cases
are based on in situ and satellite observations. The prognostic
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cloud scheme developed by Tiedtke (1993) is used. Prognostic
equations for cloud water and cloud cover are solved, and these
quantities as well as specific humidity are advected in grid point
space rather than in spectral space to avoid the problems due to
spectral truncation. A comprehensive description is given in
Gibson et al. (1997). In the present study we use data from ERA06
(6 h forecasts four times a day).

Stendel and Arpe (1997) have investigated the quality of the
precipitation in different re-analyses products, based on compari-
sons with in situ and satellite retrievals of precipitation, both over
the continents and the oceans, although the conclusions are mostly
based on the comparisons over land. They show that, in general,
for the actual amount of precipitation ERA24 (24-h forecast, twice
a day) fits observations better than ERA06, but for temporal
variability studies the use of ERA06 data is recommended, in
particular for the winter season and over the subtropical regions.
The study also reveals that the consistency of both NCEP and ERA
reanalyses is better than in the operational analyses. However, in
the tropics and extra-tropical summer, NCEP and ERA reanalyses
overestimate the convective precipitation. Also, questionable trends
of increasing precipitation over the tropical ocean are visible in
ERA. Another problem was identified beginning around 198687
when it was discovered that the African ITCZ precipitation maxi-
mum shifted from north of the equator to a position just south of
it. Kallberg (1997) describes a discrepancy in the precipitation and
soil temperature and moisture in a limited area in the western
equatorial Amazonia affecting the first eight years of ERA data,
and stresses that detailed conclusions on the behaviour of the
tropical convergence, particularly over South America and its as-
sociated precipitation patterns should be carefully drawn. We
therefore expected large uncertainties in this study for the tropical
areas. However, these problems did not affect the higher latitudes
much, as we found by comparing results for the analyses of ERA
and NCEP, which proved quite similar (see results in Sect. 4.).

We also use data sets to verify the results based on the rea-
nalyses products for specific periods (see discussion section).
Monthly rates of precipitation and evaporation estimated from the
COADS data set of ship reports (Da Silva et al. 1994) are used for
the comparison with the reanalyses in the interval 1976-1989. This
period is known to be most consistent in the precipitation data with
changes in reporting practices inducing large biases before and
after (see also Cayan and Reverdin 1994). Other products, mostly
based on satellite data over the oceans (the Global Precipitation
Climatology Project, GPCP, for 1988-1998, Huffman et al. 1996,
and the Xie and Arkin 1997, data set for 1979-1998) have also been
used to validate the results for precipitation. GPCP is based on
conventional and satellite measurements (Huffman et al. 1996).
This product over the ocean is mostly derived from the satellite-
derived precipitation using radiance measurements (GPI) and is
considered reliable (Stendel and Arpe 1997). The composite prod-
uct of Xie and Arkin (1997) is based on gauge and satellite data
over the ocean and covers the years 1979 to 1998. (A blend with
model outputs is made, with effects mostly north of 50°N.)

3 Methods

The freshwater flux (E-P) and precipitation from the reanalyses are
analyzed using empirical orthogonal functions (EOF) and canoni-
cal correlation analysis (CCA). The EOF analysis makes an opti-
mal representation of the covariance structure of a multicomponent
data set and identifies patterns that maximize the explained vari-
ance (Preisendorfer 1988; von Storch 1995). The eigenvectors of the
covariance matrix show the spatial structures of variability and the
corresponding principal components describe the temporal beha-
viour of the data. The amount of variance covered by each eigen-
vector is obtained from the associated eigenvalues. The
eigenvectors are orthogonal to one another and the principal
components are uncorrelated.

The CCA selects a pair of spatial patterns of two variables such
that their time evolution is optimally correlated (Preisendorfer
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1988; Zorita et al. 1992; Bretherton 1992; von Storch and Frank-
ignoul 1995). Before canonical correlation analysis the original
data are usually projected onto their EOFs, retaining only a limited
number of them in order to avoid noise. The canonical correlation
tends to be overestimated if the number of EOFs is too large.
Therefore, in building CCA modes we should take into account
simultaneously the requirement of including a large share of the
variance and the constraint regarding the noise from the data
(Kharin 1994; von Storch 1995). The EOF and CCA patterns are
normalized such that the coefficients have unit standard deviation,
so the patterns represent typical anomalies in their specific units.
For both EOF and CCA decomposition an uncertainty arises due
to the limited sampling of the available data sets (von Storch and
Frankignoul 1995; Bretherton et al. 1992).

The stability and robustness of the variability patterns in the
freshwater flux and precipitation data from the reanalyses over the
Atlantic are verified using a reconstruction technique. The tech-
nique has been proposed by von Storch et al. (1993) and used in
many studies mainly for downscaling large scale climate signals to a
regional level (e.g. Cui et al. 1995; Hauke et al. 1996; Busuioc et al.
1999). A subset of CCA pairs representing two fields is used in a
regression model to estimate the anomalies of one variable from the
anomalies of the other using the correlation coefficients between the
corresponding time components. The performance of the model is
sensitively dependent on the number of EOFs and CCA pairs used
in the regression model. In this study the number of EOFs retained
in the CCA and the number of CCA pairs used in the regression
model have been determined simultaneously such that the skill of
the model is highest. Here, the skill of the model is expressed by the
correlation coefficients between principal components associated
with the significant EOF modes of the original and reconstructed
data because the present study is oriented towards signal detection.

The reconstruction is made to obtain freshwater flux and pre-
cipitation anomalies from the sea level pressure knowing that large-
scale phenomena such as NAO are well represented in the SLP
field, in particular during the winter season. By that choice, we tend
to select modes of variability with a large signal at middle or high
latitudes. An attempt has been made to identify large-scale vari-
ability features over the Atlantic using the linkage between pre-
cipitation and wind instead of precipitation and SLP. It was
thought that this would help separate tropical modes of variability
which have a large wind signal but a much weaker pressure signal
than at higher latitudes. To some extent the results are similar to
the ones when SLP is used but they are less robust, and will
therefore not be presented.

Both ERA and NCEP data are used with SLP to train recon-
struction models but using different time periods and time scales.
Monthly, seasonal and annual means have been used as inputs in
the EOF decomposition and CCA. The reconstruction based on a
model for a given period is compared with the observations for an
independent time interval. Also, the pattern stability is tested by
splitting the independent time interval in two and comparing the
simulated and observed patterns for the two subintervals. This is
also a test of the consistency in time of the NCEP and ERA pre-
cipitation and freshwater fluxes. The length of the time series is
often short, in particular for ERA. Therefore, the details in the
patterns we find for specific intervals are not necessarily represen-
tative of longer time series. Other data products are used mostly to
verify the patterns, which is approached by constructing regression
or correlation patterns as well as by the same CCA method. Their
short time series do not warrant a more sophisticated approach.

4 Results
4.1 NCEP P and E-P patterns
The variance patterns for precipitation and E-P in

NCEP data revealed (not shown) that variability is
larger in winter months than in summer outside the
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tropics. Also, the spatial features are different in the
warm and cold seasons. For mid-latitude regions during
summer months, higher values for precipitation variance
are found mainly in the southwestern part of the North
Atlantic whereas during winter months high variance in
precipitation is found over the midlatitude North
Atlantic with a pattern corresponding to the average
storm track.

The CCA analysis between the SLP and precipitation
(or E-P flux) anomalies from the NCEP reanalysis was
done for monthly averages in individual seasons. In
general, the correlation coefficients corresponding to
CCA modes of SLP, and freshwater flux for the winter
months (December, January and February) are larger
than for the summer months (June, July and August).
The variance explained by the first CCA modes is larger
in winter than in summer and large-scale features are
more easily identified in winter. Therefore we will focus
on the winter season.

The CCA analysis for the winter months produces
two clearly identified large-scale modes in both the pre-
cipitation and E-P field. The two modes of freshwater
flux and precipitation anomalies correspond to SLP
patterns that resemble the North Atlantic Oscillation and
East Atlantic mode, respectively Wallace and Gutzler
(1981). (The associated time series are also highly
correlated.) Figure 1 illustrates the CCA modes of SLP/
precipitation and SLP/E-P respectively. (Seven EOFs
were retained for SLP, P and E-P.) The correlation
coefficients R and the portion of total variance explained
by the first two CCA modes for SLP/precipitation and
SLP/E-P pairs are quite large (Table 1).

The first CCA pattern for P (Fig. 1a) presents two
variability centres with opposite signs offshore from
southern Europe and from eastern Greenland to Scan-
dinavia, which indicate a displacement of the precipita-
tion consistent with changes of vertically integrated
moisture transport shown by Hurrell (1995). This is re-
lated to changes in the position of the storm track and in
the storm intensity according to the NAO phase (Rogers
1990). In the eastern Atlantic, this corresponds to a
north-south dipole in precipitation. A similar displace-
ment was found in the study of Cayan and Reverdin
(1994) based on COADS data. The CCA precipitation
pattern associated with the Eastern Atlantic mode
(Fig. 1b) shows a main variability centre in the central
North Atlantic near 50°N over the area of high vari-
ability in the associated SLP pattern, and anomalies of
the opposite sign in the central Atlantic at 30-35°N
where the SLP pattern reveals a secondary centre of
action with opposing anomalies.

The spatial dipole pattern of SLP associated with
precipitation for NAO is slightly shifted to the northeast
of the SLP dipole position associated with E-P (Fig. la,
¢). Interestingly, the rainfall pattern related to NAO has
no component in the western Atlantic, whereas the
evaporation has a strong related variability in the
western Atlantic (not shown, but indicated by the dif-
ference between P and E-P pattern in Fig. 1). It is in the
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western Atlantic that SST and air temperature vari-
ability associated with NAO is the largest, thus the
strong loading of evaporation in the western Atlantic is
reminiscent of the strong heat flux variability associated
there with NAO (Cayan 1992). The E-P pattern is linked
with a SLP dipole-like pattern with its north/south axis
shifted towards the central region of North Atlantic
compared with the SLP dipole farther east associated
with the rainfall variability. These spatial differences in
the SLP centres of action could be indicative of a com-
bination in NAO of atmospheric dynamics and air-sea
interactions. The area of largest heat flux and evapora-
tion variability is located in the western Atlantic (Cayan
1992), whereas the low frequency teleconnections that
are linked to the predominant mode of the storm track
variability are in the far northeastern Atlantic (Rogers
1997). Opposite precipitation anomalies are found for
CCA 1 between the southwestern and southeastern coast
of Greenland which is likely to result from the orogra-
phy.

An intriguing feature of the CCA precipitation pat-
tern (Fig. 1a) is the presence of a variability centre in the
subtropical Atlantic situated near 20°N. A similar signal
shifted towards the western tropical Atlantic is also
present in the EA related mode (Fig. 1b) and it is diffi-
cult to provide a physical interpretation of this feature.
We have also performed canonical correlation analysis
of precipitation with zonal and meridional wind com-
ponents (not shown). In this case, no subtropical centre
of variability was identified for the precipitation anom-
alies associated with NAO and EA. This suggests that
caution is required in interpreting the variability in the
western and central regions of the subtropical and
tropical Atlantic. These regions are also strongly influ-
enced by tropical modes of variability or ENSO, not
directly related with NAO or EA, as was tested by
regression to ENSO indices (see also Giannini et al. 2000
for a discussion relevant to the Caribbean area).

The NAO structure in the E-P field (Fig. 1c) shows
negative anomalies in the region near the eastern US
seaboard and in the northeastern Atlantic near the
Scandinavian coast, and positive anomalies within a
large area from the Labrador Sea and southern Green-
land to the eastern subtropical Atlantic. The pattern can
be explained by a combination of the precipitation of
Fig. 1a and the evaporation which is stronger during a
strong NAO in the northeastern Atlantic due to en-
hanced trades (Bojariu 1997) and over the Labrador Sea
due to stronger northwesterly winds which advect dry
air over the ocean. In the central regions of the North
Atlantic, evaporation exceeds precipitation due to
stronger westerlies, whereas the opposite holds off
southern Europe. The E-P near-coastal structure off the
eastern US seaboard is the result of the land/ocean
contrast in winter. In the high NAO index case, warm
and moist air is advected over the eastern coast causing
positive precipitation and negative evaporation anoma-
lies. The situation is reversed for a low NAO index. The
E-P pattern related to the EA mode is represented by the
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a) Mode CCA 1 of NCEP precipitation
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b) Mode CCA 2 of NCEP precipitation
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Fig. 1a—d Patterns of first and second CCA between P and SLP a and b and between E-P and SLP ¢ and d. Contours for NCEP SLP (mb) and
color plot for the associated NCEP precipitation and E-P (mm/month) patterns

second CCA (Fig. 1d) and is mainly governed by the
precipitation signal over an area westward of Britain
and Ireland. Wind effects related to land-ocean contrast
in winter are also present near the Iberian coast.

The E-P and precipitation patterns of CCA modes
presented show good agreement with other studies.
Similar features are usually found in a winter E-P

composite difference between the winters with high and
low NAO index derived by Hurrell (1995) from the
moisture budget in the ECMWF analyses. However, his
composite map of E-P has a weak NAO related vari-
ability in the northeastern subtropical Atlantic, and
Hurrell (1995) noticed that the computed E-P pattern is
not supported by observed precipitation in this area.
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Our analysis does not show such a disagreement. Cayan
(1992) and Cayan and Reverdin (1994) have also found
latent heat flux, precipitation and E-P patterns which
indicate the control exerted by the two types of large-
scale atmospheric circulation inferred from the SLP field
over the North Atlantic. The patterns presented in their
studies have been obtained using COADS data
(Woodruff et al. 1987), but they are consistent with our
results.

Table 1 CCA analysis results of P/SLP and of E-P/SLP from
NCEP 1958-1999 winter months. For each pair, the correlation
coefficients and variance explained are indicated for the first two
pairs

CCA R Variance Variance R  Variance  Variance
number of SLP(%) of P(%) of SLP(%) of E-P(%)
1 0.96 32 11 0.95 32 8

2 093 13 8 0.93 12 6
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4.2 Robustness of the patterns

We investigated whether the results with the long NCEP
reanalysis are consistent with the shorter reanalysis
ERA, and whether the patterns depend on the period
retained. Various tests were made which all suggest a
weak dependence of the results outside the tropics on the
period retained and on the particular product used. We
will illustrate this by comparing NCEP with a recon-
struction based on ERA P or E-P for the 1979/80-1992/
93 winters. CCA modes are estimated from ERA P or E-
P and NCEP SLP. This is then used for reconstructing P
and E-P over the whole period of the NCEP data (winter
1958/59 to winter 1997/1998). The comparison is made
separately for the period of ERA (winters 1979/80-1992/
93) and the complementary period (1958-1979 and
1993-1997: non-ERA).

Trials have been made to obtain an optimal regres-
sion model by using in the CCA analysis 15 EOFs in
precipitation and E-P fields which represent 75% and

Fig. 2a—d First (a, b) and
second (¢, d) EOF of recon-
structed precipitation and
E-P (mm/month) for the
winter months (1958-1998)
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72% of the data variance respectively, and by varying
the number of SLP EOFs and the number of CCA
pairs. Only CCA modes with correlation coefficients
higher than 0.50 have been considered in the regression
models. The best regression models characterized by
the highest correlation for the first two PCs of recon-
structed and NCEP data for the ERA period are
obtained using 5 CCA pairs for both E-P and
P anomalies.

The correlation coefficients between the principal
components of the reconstructed and NCEP P and E-P
are illustrated in Table 2 for different regression models
in the non-ERA period (first mode associated with NAO
and second mode with EA). The corresponding first two
EOFs are compared with the first two EOFs of NCEP
precipitation and E-P. Both for the first and second
EOF (Fig. 2), the patterns for reconstructed and NCEP
data resemble each other as well as the CCA modes for
NCEP described. The greatest differences are in the
tropics where the magnitude of the variability is less
pronounced in NCEP data than in the reconstructed
field based on ECMWF reanalyses.

Correlation maps of the NCEP precipitation with
the first and second PCs of reconstructed data using the
best regression model are presented in Fig. 3 separately
for winter months corresponding to the ERA and the
non-ERA periods. For the main centres of action,
correlation coefficients are statistically significant at a
confidence level greater than 95%. The precipitation
patterns correlated with the PCs (not shown) are sim-
ilar for ERA and non-ERA intervals. This similarity
between the two periods suggests that the NAO and
EA related signals found in the precipitation field are
not very sensitive to the actual period selected for
building the model (here, based only on ERA-period
data). For the E-P field (not shown), the correlations
are rather less coherent than for P between the ERA
and the non-ERA periods, but still display a great
degree of similarity:

1. For the NAO EOF, the correlation pattern is rela-
tively stable, especially over the Labrador Sea, the
northeastern Atlantic and near the Iberian and
northwestern African coasts

2. For the EA mode, the correlations between the second
simulated principal component of E-P and either

Table 2 Correlation coefficient between the principal component
(PCs) of NCEP precipitation and E-P with the PCs of re-
constructed precipitation and E-P. Results for the first (R11) and
second (R22) PCs are presented as a function of the number of
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ERA or non-ERA NCEP E-P show a similar east/
west anomaly contrast over the mid latitudes

The patterns related to NAO are more robust than the
ones related to EA as the NAO features are better
captured by the regression models than the EA features,
even with a small number of retained EOFs and CCA
pairs (see Table 2 for two EOFs and two CCA pairs).

The previous comparison is between model products.
Although the two models and assimilation procedures
are different, they could share similar biases. Therefore,
we need also to compare the reconstruction of P and
E-P which was just discussed with other products based
on data. Correlation maps are first presented between
the first two principal components of reconstructed data
and P/E-P anomalies from a COADS-based gridded
data set (Da Silva et al. 1994) for the winter months of
1976/77 to 1988/89. This is the period for which the data
set is the most reliable. NAO and EA related signals are
clearly present in these precipitation data (Fig. 4). All
displayed correlation coefficients are statistically signifi-
cant at a confidence level greater than 95%. The struc-
ture present in NCEP and ERA reanalyses (Figs. 1, 3)
near the southern coast of Greenland is missing in the
Da Silva data (1994) most likely due to poor observa-
tional coverage. Also, the correlation map for precipi-
tation does not show the pronounced NAO-related
subtropical centre of variability found in NCEP or in the
reconstructed ERA data. The E-P correlation maps
between the ship observations and the first two principal
components of reconstructed data (not shown) are less
coherent with the corresponding reanalyses and recon-
structed patterns. Only the NAO related principal
component reveals significant correlation coefficients,
although it fails to reproduce the coastal feature near to
North America present in both the ECMWF and NCEP
data.

The Global Precipitation Climatology Project
(GPCP) data (Huffman et al. 1996) and the Xie and
Arkin (1997) composite products have been used to
clarify the differences that are present in the tropical and
subtropical areas. The results for GPCP (1988-1998,
Fig. 5a, b) and for the Xie and Arkin product (1979-
1998, Fig. 5c, d) are fairly similar and are consistent
with the COADS results. They also exhibit a variability
centre related to NAO near 15°S over South America.

EOFs of SLP retained for the CCA and the number of CCA pairs
used in the reconstruction. Only the winter months from the
intervals 1958-1979 and 1993-1997 (non ERA) have been used

Number of SLP EOFs Number of CCA pairs R11 R22

Precipitation E-P Precipitation E-P Precipitation E-P Precipitation E-P

2 2 2 2 -0.724 0.671 -0.381 -0.109
5 4 4 4 -0.726 0.782 0.632 0.621
6 6 5 5 -0.754 0.785 0.690 0.654
8 8 7 7 -0.508 0.424 0.200 -0.502
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Fig. 3a—d Correlation coef-
ficients of NCEP precipita-
tion with the first and second
principal components of
simulated precipitation for
a, ¢ ERA and b, d non-ERA
periods

The correlation coefficients are statistically significant at
a level greater than 95% following Fisher’s test for 30
pairs of time independent values (R = 0.366). The
presence of this precipitation centre is also found in re-
constructed and NCEP patterns (Figs. 2a, 3a) for the
ERA period which overlaps the period of the other data
sets.

4.3 Seasonal averages

NAO and EA related signals have been further investi-
gated using winter averages (DJF) of monthly E-P and
precipitation rate instead of individual months in order
to filter residual high frequency variability. This results
in more visible differences in the ITCZ area, with the
first EOF in ERA precipitation and in E-P corre-
sponding mainly to the ITCZ region, but absent in
NCEP (not shown). The principal component associated

with ERA shows a shift around 1988 which seems to be

related to the Amazonian problem of the ERA experi-
ment (Kallberg 1997) and the sudden African ITCZ
displacement towards a 10° more southerly position
after 1987 (Stendel and Arpe 1997). However, the NAO
related pattern could still be identified in both reanalyses
as the second mode (see Fig. 6 for its time series in
ERA).

The same approach of reconstruction/validation is
adopted as for the monthly averages. However, because
of the problem in ERA, we use CCAs from NCEP P/E-
P and SLP to identify patterns. The data set for the
comparison with the reconstructed variability is now
ERA (winters 1979/80 to 1992/93). Therefore to ensure a
more stringent test on the robustness of the results, the
CCA is made for the non-ERA period (26 winters from
1958/59 to 1977/78 and from 1993/94 to 1997/98). The
reconstruction uses 15 EOFs of precipitation and E-P
representing 85% and 83%, respectively, of the field
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Fig. 4 Correlation coefficients between a first and b second principal
components of reconstructed data and precipitation anomalies
extracted from the Da Silva et al. (1994) data set for winter months
in the interval 1976-1989

variance to obtain an optimum regression model by
varying the number of SLP EOFs and CCA pairs. The
correlation coefficients between the reconstructed and
NCEP principal components associated with NAO and
EA modes for different regression models are shown in
Table 3.
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When winter averages are used, only NAO related
signals can be reconstructed, which is consistent with the
very large share of the variance (67%) in the NAO mode
for winter averaged data (EA mode only explains 13%).
The best regression models characterized by the highest
correlation between the first EOF of reconstructed data
and the second EOF of ERA data use six CCA modes
for precipitation and seven CCA modes for E-P. As can
be seen in Table 3, the reconstruction is less successful
for the freshwater flux. The principal components of
reconstructed and ERA precipitation together are cor-
related with Hurrell’s (1995) NAO index (Fig. 6) with a
suggestion that ERA might be more correlated with the
NAO index than the reconstructed field.

4.4 Annual averages

The annual averages have been computed from October
to the next September and winter (DJF) means of SLP
have been used to build the regression models. (At
midlatitude, the annual SLP field is correlated to the
winter average, and might be less relevant for a link to
precipitation.) When these annual averages of E-P and
precipitation rate are used, the reconstruction fails even
when only data outside the tropics are considered and
also when the reconstruction is for the ERA period.
Although the highest correlation coefficient between the
corresponding principal components of reanalysis and
statistically reconstructed data is statistically significant,
the correlation is small and the associated spatial pat-
terns do not resemble each other. However, when we
reconstruct precipitation and E-P from SLP without the
constraint of reproducing the common features of
NCEP and ERA variability, the NAO signal can still be
identified. In this case, the reconstructed time series
should be considered as filtered data rather than as re-
constructed data. NCEP data from October 1958 to
September 1979 and from October 1993 to September
1998 have been used as in the case of winter means of
precipitation and E-P rates. We search for a regression
model that correlates best the PCs of the reconstructed
P/E-P with the first and the second principal compo-
nents of SLP, for the validation interval 1979-1993. The
model which uses three CCA pairs obtained from the
first 15 EOFs of precipitation and three EOFs of SLP
gives the highest correlation between the two principal
components of reconstructed precipitation and NCEP
SLP (0.988 for the first mode and 0.867 for the second
one). The first mode (Fig. 7), explaining 56% of the
reconstructed precipitation, resembles the NAO pattern
which has been previously presented in the monthly
(Fig. 2a) and winter average cases, but the correlation
with the PCs of annual ERA precipitation is poor. The
results (not shown) are not as good for the reconstructed
E-P.

To check that this filtered result has some meaning,
we consider spatial averages of NCEP annual precipi-
tation in the main centres of action (based on an EOF
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Fig. 5 Correlation coefficients between a first and b second principal
components of reconstructed data and precipitation anomalies
extracted from GPCP (Huffman et al. 1996) for the winter months

analysis), and correlation coefficients are computed
between those averages and Hurrell’s winter NAO in-
dex for October 1958-September1998. Not high but
significant correlations at a level greater than 95% are
found for the region from 30°N to 40°N in the eastern
Atlantic (-0.43), in the Caribbean area (—0.49), in the
eastern equatorial Atlantic (—0.43) and near the coast
of northeast Brazil (0.37). The value in the Caribbean

BOW 70W GOW 50W 40W 30W 20W 10W 0 10E 20E

1988-1998; ¢ and d correlations for first and second principal
components with CPC (Xie and Arkin 1997) for the winter months
1979-1998

area is supported by observed negative correlation co-
efficients between the NAO index and the precipitation
at Puerto Rico stations (Malmgren et al. 1998; Gian-
nini et al. 2000). The analysis however suggests that on
an interannual time scale other signals overwhelm the
winter-NAO signals. This is not so surprising as we
used a winter index, and the mid-latitude NAO index in
other seasons is only weakly correlated with the winter
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index. Also, in many areas, precipitation is not linked
to the winter weather regimes that are more related to
NAO. A major natural source of other variability on
interannual time scales is ENSO related variability
(Giannini et al. 2000). In addition, there is artificial
noise due to the atmospheric model and data assimi-
lation systems. The differences between NCEP and
ERA suggest that this is particularly the case in the
tropics of the Atlantic sector.

5 Discussion and conclusions

North Atlantic Oscillation (NAO) and Eastern Atlantic
(EA) related signals have been found both in E-P and
precipitation fields extracted either from ECMWF or
NCEP reanalyses. They are more robust and stand the
reconstruction test better for monthly averages than for
the winter averages and even less so for annual averages,
in particular for EA. In general, signals are better re-
vealed and are more robust in the precipitation than in
the freshwater (E-P) fields. There are indications that
this results from the larger errors accumulated in
freshwater flux from both precipitation and evaporation
variables. Ocean fluxes computed in reanalysis experi-
ments, in particular the evaporation, were found to be
very sensitive to the data coverage (Kéllberg 1997). Over
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Fig. 6 First principal components of reconstructed precipitation
based on NCEP data for non-ERA (solid line) and ERA (dotted line)
winter averages, and the Hurrell (1995) NAO index (dashed|dotted
line, left scale)

Table 3 Correlation coefficient (R12) between the second principal
component (PC) of ERA precipitation and E-P and the first PC of
reconstructed precipitation and E-P for the winters 1979/80 to
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large ocean areas there are few observations and this
distribution varies in time. The acceptance and use of
mismatched wind speed observations, whether they are
erroneous or unrepresentative, lead to large variations in
the surface fluxes (Kallberg 1997).

We encountered a different behaviour of NCEP and
ECMWEF variability in the tropical Atlantic (especially
near the ITCZ), in particular on interannual time scales.
Different mechanisms can be responsible for the relation
between high and low latitudes in the NAO mode of
ECMWF and NCEP reanalyses. The ERA patterns
suggest a NAO signature in the tropical Atlantic which
is strong in the monthly patterns and would indicate a
link between the phase of NAO and changes in the po-
sition and intensity of the ITCZ. However, the analysis
of winter rainfall based on satellite and in situ data
(GPCP and CPC) does not support the monthly tropical
pattern of ERA precipitation. They support, however,
enhanced tropical variability for a NAO like mode in
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Fig. 7 The first EOF of reconstructed annual precipitation for the
interval 1979-1993. Contours are in mm/month

1992/93. The correlation is presented as a function of the number
of SLP EOFs retained for the CCA and of the number of CCA
pairs used in the reconstruction

Number of SLP EOFs Number of CCA pairs R12

Precipitation E-P Precipitation E-P Precipitation E-P

2 2 2 2 0.810 —-0.736
4 4 4 4 0.916 -0.747
7 7 6 6 0.920 —-0.785
9 10 8 8 0.699 —-0.759
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reconstructed data from NCEP, and suggest a relation
between convection near 15°S and NAO during north-
ern winter. The tropical signal is consistent with other
studies. Namias (1972) has presented evidence showing
that the interannual variability of rainfall over northeast
Brazil is related to the cyclonic activity in the New-
foundland-Greenland area and to fluctuations of the
Azores high during the Northern Hemisphere winter.
Malmgren et al. (1998) have shown that the fluctuations
in annual precipitation at Puerto Rico are synchronous
with the variations of winter NAO.

A number of observational and modelling studies
have analyzed the role of heating in the tropical Atlantic
for the Northern Hemisphere winter variability, sug-
gesting that such a link to NAO is possible (e.g. Yang
and Webster 1990; Watanabe et al. 1999; Robertson
et al. 1999). For example, Yang and Webster (1990)
suggest that the adjacent hemisphere heating is impor-
tant in determining the location and magnitude of the
westerly jet streams which in turn influence the winter
variability modes such as NAO. However, based on
observational and modelling evidence, tropical-extra-
tropical linkage seems to be better identified on longer
time scales (Bojariu 1997; Xie and Tanimoto 199§;
Watanabe and Kimoto 1999; Rajagopalan et al. 1998)
than on the month to interannual time scales that our
analysis considers. This would be hard to identify in
NCEP and ECMWF reanalyses, which are of limited
reliability on those time scales. For instance, the posi-
tion, intensity and seasonal cycle of ITCZ are rather
uncertain in reanalyzed fields (Kallberg 1997; Stendel
and Arpe 1997). Further analysis using observations and
coupled ocean-atmosphere models is needed in order to
clarify this issue.

In spite of these difficulties, the reanalyses obtained
from two different models and assimilation systems
(ECMWF and NCEP) usually show common modes of
variability for very sensitive variables such as precipi-
tation and E-P which gives hope that the reanalysis
experiments can be used to further understand climate
variability and carry out predictability studies. They
should also be useful for investigating the impact on the
upper ocean. The presence of a robust and stable NAO
signal in the reanalyzed fields indicates that the study of
NAO mechanisms and the analysis of the linkage be-
tween tropical and extratropical variability could benefit
from the use of these detailed 3-dimensional data sets
which are also temporally consistent. Our results indi-
cate that it may be feasible to reconstruct past winter
precipitation and E-P from the historical SLP fields,
which are available for a much longer period (Kaplan
et al. 1999), but this seems to be more difficult for the
summer and annual averages.
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