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ABSTRACT

The physical mechanisms whereby the mean and transient circulation anomalies associated with the North

Atlantic Oscillation (NAO) drive winter mean precipitation anomalies across the North Atlantic Ocean,

Europe, and the Mediterranean Sea region are investigated using the European Centre for Medium-Range

Weather Forecasts interim reanalysis.Amoisture budget decomposition is used to identify the contribution of

the anomalies in evaporation, the mean flow, storm tracks and the role of moisture convergence and ad-

vection. Over the eastern North Atlantic, Europe, and the Mediterranean, precipitation anomalies are pri-

marily driven by the mean flow anomalies with, for a positive NAO, anomalous moist advection causing

enhanced precipitation in the northern British Isles and Scandinavia and anomalous mean flow moisture

divergence causing drying over continental Europe and the Mediterranean region. Transient eddy moisture

fluxes work primarily to oppose the anomalies in precipitationminus evaporation generated by themean flow,

but shifts in storm-track location and intensity help to explain regional details of the precipitation anomaly

pattern. The extreme seasonal precipitation anomalies that occurred during the two winters with the most

positive (1988/89) and negative (2009/10) NAO indices are also explained by NAO-associated mean flow

moisture convergence anomalies.

1. Introduction

The North Atlantic Oscillation (NAO) is a seesaw in

pressure between the subpolar Icelandic low and the

subtropical Azores high regions of the North Atlantic

Ocean. The impacts of anomalies in the strength of

the Icelandic low on temperatures in Greenland and

Denmark had been noticed as far back as the 1770s

(see van Loon and Rogers 1978). When the Icelandic

low is strong, cyclonic flow brings cold northerly air to

Greenland and warm southerly air to northwestern

Europe creating a west–east seesaw in temperature.

A significant advance in dynamical understanding of

the NAO came through the use of correlation ana-

lyses of meteorological records from multiple widely

spread weather stations. Walker and Bliss (1932)

created an NAO index that used sea level pressure

(SLP) and temperature data from stations around theCorresponding author: Richard Seager, seager@ldeo.columbia.edu
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North Atlantic and into Europe. They published

maps of SLP and temperature correlations with this

index for December to February. The maps show the

NAO to be a hemispheric-scale phenomenon with, in

its positive phase, high SLP spanning across the sub-

tropics and midlatitudes from the Americas to west-

ern Asia and low SLP spanning from eastern Canada

across the subpolar North Atlantic to Scandinavia.

Notably, Walker and Bliss (1932) also mapped precipi-

tation anomalies that showed again for the positive phase

of the NAO, increased precipitation in Scandinavia, re-

duced precipitation over most of continental Europe and

the western and centralMediterranean Sea and increased

precipitation over the Levant.

Modern work has greatly improved characterization

and understanding of the NAO. It is now known to

fundamentally arise from the internal atmospheric

dynamics of wave–wave and/or wave–mean flow in-

teraction. This is consistent with the stationary wave

anomalies that define the NAO being strongly associ-

ated with anomalies in the location and intensity of the

North Atlantic storm track (Rogers 1997). During the

positive phase of the NAO the storm track is intensified

over Scandinavia and weakened over southern Europe

and vice versa for the negative phase of the NAO. Also

consistent with the idea of an origin in wave–wave in-

teraction is that the NAO has considerable power at

the synoptic time scale (Feldstein 2000). Further, it has

been shown that interannual variability of the NAO

can be explained in terms of such climate ‘‘noise’’ and

does not require forcing external to the atmosphere

(Feldstein 2000).

Different ideas have been proposed for how wave–

wave and/or wave–mean flow interaction generate the

NAO. DeWeaver and Nigam (2000) emphasized a two-

way constructive interaction between the zonal mean

flow and fluxes of vorticity and heat by the stationary

waves that could explain the NAOand its persistence. In

contrast, Barnes and Hartmann (2010), examining the

circulation over the Atlantic sector only, argued that the

stationary wave anomaly of the NAO caused a shift in

the jet stream and the location of transient eddy gen-

eration that generated vorticity fluxes that reinforced

the stationary wave—a wave–wave interaction. They

also show that the induced vertical circulation and low-

level divergent flow maintained the flow anomaly

against surface damping leading to persistence. These

mechanisms are not mutually exclusive. The negative

NAO phase is also associated with increased blocking

frequency in the northwest Atlantic region that might

also be indicative of coupling between synoptic and

seasonal time scale eddies (Croci-Maspoli et al. 2007).

Also, it has become clear that variability of the NAO

on weather and seasonal time scales is strongly influ-

enced by downward propagation, on a time scale of

weeks, of anomalies in the stratospheric polar vortex

(e.g., Baldwin and Dunkerton 2001). As discussed in

the comprehensive, informative review by Kidston

et al. (2015), the stratospheric influence on the extra-

tropical troposphere, including the NAO, extends

across all time scales and works by initiating the wave–

wave and wave–mean flow feedbacks discussed above.

Despite these understandings of flow anomalies on

the subseasonal time scale, there remains considerable

disputation about the sources of interannual to multi-

decadal variability of theNAO. This variability is marked,

with a trend toward a negative NAO from the 1920s to

the 1960s, followed by a positive trend to the 1990s, a

negative trend to about 2010, and another upward trend

since [see Hurrell (1995), Pinto and Raible (2012), and

Fig. 1]. Using very different approaches, both Feldstein

(2002) andOsborn (2004) argued that the late-twentieth-

century increase of the NAO could not be explained by

internal atmosphere variability and required some forcing,

either from the oceans and cryosphere or radiative. For

a while it was thought that the late-twentieth-century

upward trend of the NAO might be a response to rising

greenhouse gas concentrations (e.g., Shindell et al. 1999).

However, the subsequent decline in the NAO, together

with awareness that, according to coupled models, forced

changes to date are small compared to the observed

variability (Osborn 2011), has renewed efforts to explain

where the impressive decadal variability originates from.

It has been argued that SST forcing of the NAO, pri-

marily from the tropical Pacific, but potentially involv-

ing the stratosphere (Ineson and Scaife 2009), and the

solar irradiance influence on the stratospheric polar

vortex enable skillful prediction of the NAO on sea-

sonal to interannual time scales (Scaife et al. 2014).

However, it should be noted that current coupled

models fail to simulate the degree of low frequency

variability that has been observed (Kravtsov 2017;

Wang et al. 2017; Kim et al. 2018; Simpson et al. 2018).

This is not due to the historical record being unusual

since decadal and even longer time scale variability of

the NAO is robust in multicentury instrumental

(Mellado-Cano et al. 2019) and tree-ring-based (Cook

et al. 2019) estimates of the NAO.

The precipitation anomalies associated with the

NAO have considerable social impacts. For example,

it has been shown that the NAO has a strong influence

on the occurrence of extreme precipitation at the daily

time scale in the western Mediterranean and north-

western Europe (Krichak et al. 2014). The NAO sig-

nificantly influences river flows in the Middle East

and, hence, water availability for agriculture, power
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generation and urban populations (Cullen et al. 2002),

water availability for intensive agriculture and hy-

dropower in the Iberian peninsula (Trigo et al. 2004),

wind power and solar potential over Iberia (Jerez

et al. 2013), hydropower output in Norway (Cherry

et al. 2005), and wheat yields in Europe and North

Africa (Anderson et al. 2019). All these examples of

social impacts of the NAO follow primarily from how

the NAO influences precipitation variability in the

winter season. While our knowledge of the dynamics

FIG. 1. Patterns of winter (DJFM) 500-hPa height (contours) and precipitation (colors) obtained for (top left) an EOF analysis of

500-hPa heights and (top right) an EOF analysis of precipitation, and (bottom) regression on the associated time series based on ERA-

Interim data (the marked year refers to the January of the winter mean). Also shown is the (middle) regressions of the 850-hPa wind

vectors. Units are hectopascals, meters per second, and millimeters per month per standard deviation of the time series. The correlation

coefficient between the time series is 0.94.
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of NAO variability is incomplete, we know even less

about the physical mechanisms of the associated

precipitation variability. Typically, authors simply

state that NAO variability generates precipitation

anomalies via shifts in winds and storm tracks but do

not state how these shifts contribute, what their spa-

tial patterns are or their relative amplitude. Here, to

the best of our knowledge, we provide the first com-

prehensive, quantitative assessment of how the NAO

generates precipitation anomalies. In a solely obser-

vational study, we quantify the mechanisms using a

well-established (Seager et al. 2010b) decomposition

of the moisture budget in an atmospheric reanalysis.

This will allow us to assess how precipitation variations

across the North Atlantic, Europe, and Mediterranean

region are related to changes in circulation and hu-

midity, changes in mean flow moisture convergence

and advection and changes in storm tracks. We will

also examine for two winters with NAO extremes the

mechanisms of associated precipitation extremes and

the NAO contribution. Collectively, this will provide a

more complete understanding of NAO-related pre-

cipitation variability.

2. Data and method

a. Reanalysis and observational datasets

To evaluate the mechanisms of NAO-related pre-

cipitation variability we use the European Centre for

Medium-Range Weather Forecasts interim re-

analysis (ERA-Interim) at 6-hourly resolution for the

period January 1979 to December 2017. To compare

the precipitation anomalies in ERA-Interim against

observations for specific extremes of the NAO, and

to compare histories of the NAO and observed pre-

cipitation around the Europe and Mediterranean re-

gion, we use the National Oceanic and Atmospheric

Administration Climate Prediction Centre (CPC)

Merged Analysis of Precipitation (CMAP; Xie and

Arkin 1996, 1997). CPC CMAP is a merge of satellite

and gauge-based data and hence provides values over

ocean as well as land and cover January 1979 to the

present.

b. Method to determine mechanisms of NAO-related
precipitation variability

To determine the mechanisms of NAO-related pre-

cipitation anomalies we use a moisture budget ap-

proach. This was developed to analyze mechanisms of

hydroclimate change (Seager et al. 2010b) and has been

applied in the Mediterranean region (Seager et al. 2014)

but can also be applied to studies of hydroclimate vari-

ability (Seager et al. 2012).

The moisture budget equation, assuming a steady state

with no change in column integrated moisture over time,

can be written in vertically discrete form as
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Here P is precipitation, E is evaporation (taken to

include transpiration), g is the acceleration due to gravity,

rw is the density of water, p is pressure, q is specific

humidity, and u is the vector horizontal velocity. The

overbar indicates monthly means, and primes indicate

departures of 6-hourly values from monthly means.

Subscript k indicates model level with pressure thick-

ness dpk. The second and third terms on the right of

Eq. (1) are the moisture convergence by the mean flow

and submonthly transient eddies, respectively. The

approximation in Eq. (1) comes from neglecting time

rate of change of moisture (which is small for seasonal

means relative to the other terms), ignoring terms in-

volving dp0
k, errors introduced by using numerical

methods distinct from those used in the ECMWFmodel,

analysis increments, and humidity tendencies in the

model that were not archived and cannot be evaluated

[e.g., diffusion; see Seager and Henderson (2013) for a

discussion of all of these sources of error]. In Eq. (2), the

mean flow moisture convergence has been broken down

into components due to moisture advection, that is, flow

across spatial gradients of moisture, and the divergent

flow. The last term on the right-hand side is a surface

term that arises from bringing the divergence operator

inside the vertical integral in order to enable the sepa-

ration into advection and mass divergence terms. The

computation of the vertical integrals, the horizontal di-

vergences and the surface term are all done according to

the ‘‘best practices’’ method of Seager and Henderson

(2013) where these were developed using ERA-

Interim data.

In Eqs. (1) and (2) all terms are first evaluated as

monthly means and the seasonal means are evaluated by

averaging over the monthly means. Seasonal anomalies

of each term are computed as the departures of the

seasonal means from the average across all years of the

seasonal means. Here we only analyze the winter sea-

sonal mean of December–March (DJFM).

We define the NAO as the first empirical orthogonal

function (EOF) of DJFM seasonal mean 500-hPa
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heights in theEuropean–Mediterranean–NorthAtlantic

sector given by 608–708W and 08–908N. This region

extends farther east than is often used for NAO def-

initions, but this is done to directly incorporate the

Middle East within the region of study of NAO-

precipitation relations. Typically, a more longitudi-

nally restricted range is used in the EOF analysis to

define the NAO, but this makes little difference to the

retrieved NAO pattern. The EOF analysis is per-

formed such that the spatial patterns carry the units

(meters and millimeters per day) and the associated

time series are in standardized units. The NAO-

associated anomalies of P are evaluated by regress-

ing DJFM mean values of ERA-Interim P onto the

time series associated with the first 500-hPa height

EOF. To understand the mechanisms of the P vari-

ability, the terms in the moisture budget equation are

similarly regressed onto the time series. Significance

of the P and moisture budget regressions is evaluated

with a two-sided t test at the 5% level. To demon-

strate the relevance of the NAO to regional pre-

cipitation variability we also conducted an EOF analysis

of DJFM P for the same longitude domain but 158–908N
(to eliminate heavy tropical precipitation) and re-

gressed 500-hPa heights upon the time series of the

leading mode.

To examine the dynamical underpinnings of transient

eddy zonal and meridional moisture flux (u0q0 and y0q0)
variability associated with the NAO, we also examined

the variability of u02 and y02 at 850hPa in the lower tro-

posphere where moisture is concentrated. For a purer

analysis of the associated storm-track variability we ana-

lyzed variability of y02 at 200hPa near where eddy kinetic
energy of synoptic eddies maximizes.

The EOF and regression analyses focus on general

associations and assume linearity. To assess whether

these general relations can be used to explain precipita-

tion anomalies in particular extreme winters we selected

the two winters with the highest (1988/89) and lowest

(2009/10) NAO values. We plot the P and moisture

budget anomalies for these two winters as well as those

reconstructed by multiplying the NAO-associated quan-

tities by the NAO index for the two winters. To assess if

the results for P from ERA-Interim are supported by

direct observations the P anomalies from the CPC

CMAP satellite-gauge data are plotted for the two ex-

treme winters and time series of CPC CMAP precipi-

tation and NAO values are plotted for the locations of

four cities across the region (Glasgow, Scotland; Bergen,

Norway; Madrid, Spain; and Belgrade, Serbia). This

work allows us to assess the mechanisms whereby

extremes of the NAO translate into extremes of

winter mean precipitation.

3. Mechanisms of NAO-related precipitation
variability

a. The circulation and precipitation anomalies of
the NAO

Figure 1 in the left column shows the leading EOF of

DJFM 500-hPa height in the North Atlantic–Europe–

Mediterranean region for both its spatial pattern (Fig. 1,

top row) and time series (Fig. 1, bottom row; hereinafter

theNAOtime series).As is well known, during its positive

phase as shown, the NAO is associated with an anom-

alous low height anomaly extending from Hudson Bay

to Scandinavia and centered around Iceland pairedwith a

high height anomaly that extends from the southeast

United States across the midlatitude Atlantic Ocean and

into continental Europe. The NAO has notable interan-

nual variability and also trended downward from the early

1990s to the end of the 2000s and hasmoved upward since.

Figure 1 also shows the precipitation anomaly pattern

found by regression on the NAO time series. There are

wet anomalies over the subpolar North Atlantic, the

northern British Isles, and Scandinavia and dry anom-

alies over the eastern midlatitude North Atlantic and

southern Europe, in agreement with Trigo et al. (2004).

Figure 1 in the right column shows results from an EOF

analysis of ERA-Interim P with regression of 500-hPa

heights on the associated time series (Fig. 1, bottom row).

This recovers the NAO patterns of circulation and pre-

cipitation making clear that this is the leading mode of

winter season precipitation variability in this region. The

middle row in Fig. 1 shows the associated 850-hPa wind

vectors. In the high NAO phase westerly anomalies flow

from the Labrador Sea to Scandinavia and easterly

anomalies flow from Iberia to the Gulf of Mexico. The

correlation coefficient of the time series from the EOF

analyses of heights and precipitation is 0.94, which

strongly emphasizes the dominance of the NAO on

winter mean precipitation variability in the region.

Figure 2 shows the fraction of variance of seasonal

mean precipitation explained by the NAO. For conti-

nental land areas in theMediterranean this can vary up to

0.4. In Scotland and Scandinavia, it can reach as high as 0.8

or above. In the southern British Isles and across northern

France, Germany, and Poland the fraction is very small

since these are aligned along a nodal line in the NAO-

associated precipitation anomaly pattern. Over the sub-

polar eastern NorthAtlantic Ocean half of the variance of

seasonal mean P is explained by the NAO.

b. Important aspects of the mean climate that the
NAO perturbs

Figure 3 shows somekey aspects of themean climatology

in the region that are essential to understanding how the
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circulation anomalies cause the P anomalies shown in

Fig. 1. The map of the climatological y02 at 850hPa (Fig. 3,
upper left; contours) illustrates the storm track at levels in

the troposphere where it can be effective in transporting

moisture. A clear maximum extends northeastward from

Nova Scotia, Canada, toNorway. This storm activity occurs

within an environment with a strongmeridional gradient of

vertically integrated moisture (Fig. 3, upper left; shading)

and, hence, will accomplish significant poleward moisture

transport (Fig. 3, lower left). The moisture transport max-

imizes on the southern edge of the storm track where the

moisture gradient is stronger. The humidity field has a

‘‘ridge’’ that stretches from the Caribbean Sea to Scotland

and, consequently, the zonal transient eddy moisture

flux (Fig. 3, bottom right) is, in general, positive east

and negative west of this ridge. The zonal eddy velocity

variance (Fig. 3, top right) exhibits less of a storm-track

structure but has a maximum between southern

Greenland and Iceland, a region of strong zonal eddy

drying. There is an exception to the general rule of down

gradient eddy moisture transport east of the southeast

United States. Here the eddy moisture flux is eastward

(Fig. 3, bottom right) despite the mean vertically inte-

grated moisture increasing from west to east (Fig. 3, top

left). This is because of a strong positive covariance be-

tween zonal and upward eddy velocities (not shown), such

that westerly anomalies are also upward and, hence,

moist [an idea suggested by W. A. Robinson (2019,

personal communication)]. The climatological sea

level pressure pattern (Fig. 3, upper right) empha-

sizes the strong southwest to northeast mean flow into

the British Isles and Scandinavia between the Azores

high and the Icelandic low.

The NAO pattern (Fig. 1) in combination with the

climatological patterns (Fig. 3) can be used to infer that

the positive phase of the NAO will strengthen westerly

flow from the Labrador Sea to Scandinavia, weaken

the midlatitude westerly flow around 308–408N and

strengthen the easterly trade wind flow from Iberia to

the Gulf of Mexico. Considering how the NAO flow

anomalies will interact with the mean humidity gradi-

ents, we expect the westerly and easterly wind anomalies

to both induce advective drying over the subpolar

and subtropical North Atlantic with the easterly wind

anomalies inducing advective wetting over the midlati-

tude ocean in between. However, other terms in the

moisture budget will also come into play and need to be

quantitatively determined.

c. The NAO-related moisture budget variability

Figure 4 shows the results of regressing P and the

terms in the moisture budget in Eqs. (1) and (2) onto the

time series associated with the first EOF of 500-hPa

heights (our defined NAO index). The P field is as in

Fig. 1. A striking feature to note is the extent to which

over the ocean NAO-related anomalies in P are com-

pensated for by anomalies inE. Over the subpolar North

Atlantic, stronger westerlies are associated with in-

creased E and P. Over the midlatitude North Atlantic,

weaker westerlies are associated with decreased E and

P. It is reasonable to suppose that the changes inP result

from the changes in E. Over the eastern North Atlantic

the compensation between P and E is weaker with P

winning the battle. As a consequence, the NAO-related

P2E anomaly is concentrated west of Iberia and North

Africa and over the Norwegian Sea. There is a weaker

dipole between negative P2 E in the Labrador Sea and

positive P 2 E east of the United States and Canada

in the western Atlantic basin. This pattern of P 2 E

anomalies, which is the freshwater forcing for the ocean,

would favor enhanced salinity in the Labrador Sea and

reduced salinity in the Norwegian Sea and, in combi-

nation with SST changes, potentially, a shift of deep

water formation from the latter to the former region

(Zhang et al. 2019). However, salinity changes associ-

ated with the NAO are influenced by salt advection not

just surface fluxes (Herbert and Houssais 2009).

The spatial patterns of NAO-associated P 2 E

anomalies (Fig. 4c) closely match those of the mean

flow moisture convergence (Fig. 4d). Away from the

Mediterranean and eastern Europe, the mean flow

moisture convergence anomaly is dominated by the

advection term (Fig. 4f). However, the drying over the

Mediterranean region for a positive NAO is associated

with increased mean flow moisture and mass diver-

gence, that is, subsidence (Fig. 4e). The surface term

(Fig. 4g) is noisy and clearly related to topography

because of its inclusion of horizontal gradients of

surface pressure, but we need not consider it more.

FIG. 2. The fraction of variance in winter (DJFM) precipita-

tion over 1979–2017 explained by the NAO based on ERA-

Interim data.
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The transient eddymoisture convergence term (Fig. 4h)

to first order acts to simply oppose, but not fully offset, the

P 2 E anomaly pattern established by the mean flow

moisture convergence anomaly. For example, during a

positive NAO the transient eddy moisture convergence

anomaly actually dries the British Isles and Scandinavia.

Hence, despite the well remarked upon and dynamically

active role that storm-track variations play within NAO

anomalies, the transient eddies play a primarily passive

role and damp anomalies ofP2E generated by themean

flow circulation anomalies. To quantify this, the area-

weighted spatial pattern correlation coefficient between

the transient eddy (Fig. 4h) and mean flow (Fig. 4d)

moisture flux convergences is 20.72. The transient eddy

moisture flux convergence even more closely offsets the

component of the mean flow moisture convergence that is

due to advection (Fig. 4f) with an area-weighted spatial

pattern correlation coefficient of 20.77. Notably, the dry

conditions over the Mediterranean during a positive NAO

are not caused by reduced transient eddy moisture con-

vergence in the Mediterranean storm track, with the ex-

ception of the east coast of Spain. In fact, over the eastern

Mediterranean, Greece, and Turkey, the transient eddy

moisture convergence actually moistens and offsets mean

flow moisture divergence due to subsidence during a posi-

tive NAO.

d. Dynamical interpretation of the NAO-associated
precipitation variability

The key feature we wish to explain is the north–south

dipole of increased–decreased P during a positive NAO

that extends near zonally from the westernNorthAtlantic

well into Eurasia. First of all, there is a role for evaporation

anomalies. The NAO circulation anomaly with enhanced

westerlies over the subpolar ocean and weakened west-

erlies over the midlatitude ocean generates a north–south

dipole of enhanced–reduced E. The E anomalies arise

from increased wind speed and increased dry advection

FIG. 3. Climatologies of quantities important to winter (DJFM) precipitation variability over 1979–2017 in the Atlantic–European–

Mediterranean domain. (top left) The vertically integrated humidity (color shading; kgm22) and 850-hPa transient eddy meridional

velocity variance (contours; m2 s22). (top right) Mean sea level pressure (color shading; hPa) and the transient eddy zonal velocity

variance (contours; m2 s22). Also shown are the climatological transient eddy (bottom left) meridional and (bottom right) zonal moisture

flux at 850 hPa (m s21) times 1000.
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FIG. 4. Terms in the moisture budget regressed onto the NAO index for (a) P, (b)E, (c) P2E, (d) convergence of vertically integrated

mean flowmoisture flux, and the components related to (e) mass convergence, (f) moisture advection, and (g) the surface term, along with

(h) the convergence of vertically integrated transient eddymoisture flux. Color shading is added where the anomalies are significant at the

95% level according to a two-tailed t test. Time period is winter (DJFM) 1979–2017. All units are millimeters per day.
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over the subpolar ocean and reduced wind speed and

reduced dry advection over the midlatitude ocean [see

Seager et al. (2000) for a quantitative decomposition of

surface moist static energy fluxes].

NAO mean circulation anomalies also influence the

advection and convergence of moisture. Over the western

North Atlantic the westerly subpolar and southeasterly

midlatitude anomalies create dry and moist advection

anomalies, respectively, that offset the E anomalies al-

lowing for weak P anomalies. Over the eastern North

Atlantic and Europe, the westerly and moist advection

anomaly to the north and easterly and dry advection

anomaly to the south, in the presence of weak E anoma-

lies, translate into positive P anomalies over the northern

British Isles and Scandinavia and negative P anomalies

over the subtropical eastern North Atlantic. The NAO-

associated mass convergence anomaly dries most of

Europe and is responsible for the Mediterranean region

drying during a positive NAO. This is explained in terms

of the NAO-associated northerly flow across most of

Europe and the Mediterranean (Fig. 1) that will induce,

by cold advection and positive planetary vorticity ad-

vection, subsidence, and low-level mass divergence.

e. Understanding the role of transient eddies in the
NAO-associated moisture budget variability

Next we seek to explain the role that transient eddy

moisture fluxes, and NAO-associated changes in the

strength and location of the storm track, play in gener-

ating anomalies of P. Figure 5a shows the familiar picture

of NAO-associated storm-track variability as seen in 250-

hPa y02. For a positive NAO, there is a clear northward

shift and intensification of the storm track from North

America well into Eurasia. The British Isles, Scandinavia,

and northernEurope see greater upper-troposphere eddy

activity and theMediterranean region seesweaker activity.

Within the lower troposphere the eddy activity anomalies

look different, restricted to the eastern Atlantic and

Eurasia region, and less coherent (Fig. 5b). However,

Scandinavia and Russia see an increase and some areas of

the Mediterranean a decrease, in 850-hPa y02. For lower-
troposphere u02, there is a broad decrease over the central

North Atlantic [consistent with reduced blocking here

during a positive NAO (Croci-Maspoli et al. 2007)] and an

increase centered over the Norwegian Sea.

These changes in y02 and u02 acting on the unchanged

humidity field would be expected to amplify or diminish

the patterns of y0q0 and u0q0 (Fig. 3). This is the case for

y0q0 over Scandinavia and the southwestern Europe–

eastern midlatitude Atlantic region where increases and

decreases, respectively, collocate with increased and

decreased y02. The pattern of change in u0q0 can also

partly be explained by the pattern of change in u02. In the

Labrador Sea and east of Newfoundland, Canada, re-

duced u02 leads to weakening the negative u0q0 that

prevails there. Reduced u0q0 over Iberia and to its

southwest can also be explained in terms of reduced u02.
The anomalies of u0q0 and y0q0 can also be influenced by

changes in the humidity field gradients (Fig. 5d) driven by

the NAO mean circulation anomalies. The anomalous

zonal gradients are weak and do not strongly influence

u0q0 except over Russia where this term moistens east-

ward of the humidity increase over the Baltic Sea. The

meridional gradients of humidity anomalies are, in con-

trast, strong and the meridional transient eddy moisture

flux anomalies y0q0 are well explained in terms of a

downgradient transport of moisture anomalies. The

southwest to northeast band of northward transient

eddy moisture transport between the northeast United

States and Scandinavia (Fig. 3, lower left) removes

moisture from the similarly oriented band of anoma-

lously high moisture between Florida and northwest

Europe and into the area of anomalously low moisture

over the Labrador Sea, Greenland, and the Greenland

Sea (Fig. 5d). The strong southward transient eddy

moisture transport (which is really reduced northward

transport) stretching southwest from Iberia and the

Bay of Biscay moves less moisture from the region of

anomalously low moisture extending southwest from

Iberia to the region of anomalously high moisture to

its north.

The NAO-associated moisture anomaly can be un-

derstood in terms of the mean flow anomalies. The drier

regions over the northwest and southeast NorthAtlantic

(Fig. 5d) occur where the flow anomaly induces dry

advection from dry continental regions or cooler waters

(Fig. 4f). The band of moist anomalies in between

(Fig. 5d) occurs where the mean flow anomaly is west-

erly (Fig. 1, middle row) and from moist regions above

theNorthAtlanticDrift andNorwegian Current to drier

regions eastward and over land (the British Isles and

Scandinavia) and where there is a southerly component

to the flow anomaly (east of the United States, Fig. 1,

middle row). The transient eddy moisture fluxes then

work to oppose these anomalies generated by the mean

flow (Fig. 4h).

Consequently, transient eddies work to remove hu-

midity anomalies created by the NAO, but also play an

active role by altering moisture fluxes where the storm

tracks weaken and strengthen.

4. The NAO and extreme wet and dry winters in
the Europe–Mediterranean region

The work presented so far concerns the general re-

lation between the NAO and precipitation variations
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and the physical mechanisms involved. But, as Fig. 2makes

clear, while theNAO is the dominantmode of variability of

winter season precipitation in the region, it does not explain

everything. Hence next we consider how well the NAO

correlates with precipitation variability in specific locations

across the region and then examine spatial patterns of pre-

cipitation and moisture budget anomalies for the two win-

ters with the most positive and negative NAO anomalies.

Figure 6 shows time series of concurrent seasonal

NAO and CPC CMAP precipitation anomalies for grid

FIG. 5. For winter (DJFM) 1979–2017, regression on the NAO index of y02 (m2 s22) at (a) 250 and (b) 850 hPa (m2 s22), (c) u02 at
850 hPa (m2 s22), (d) vertically integrated specific humidity (kg m22), and transient eddy moisture fluxes at 850 hPa in the

(e) meridional and (f) zonal direction [kg (m s21)]. Color shading is added where the anomalies are significant at the 95% level

according to a two-sided t test.
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FIG. 6. The observed satellite–gauge precipitation anomaly over land (color shading; mmday21) and 500-hPa height (contours; m) for the

most extreme (top left) positive and (top right) negative winters since 1979. Also shown are (bottom) the NAO index, the observed precip-

itation, and that accounted for by the NAO for Glasgow, Bergen, Madrid, and Belgrade as labeled, together with the respective correlation

coefficients between the NAO and observed precipitation. The NAO is in standardized units, and the precipitation in millimeters per day.
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point locations nearest to Glasgow, Bergen, Madrid,

and Belgrade. The results are consistent with the maps

of NAO-explained precipitation variance in Fig. 2 and

show strong positive correlations in Glasgow and

Bergen and a slightly weaker negative correlation in

Madrid. The negative correlation in Belgrade is much

weaker, consistent with the weakening of the NAO-

explained variance eastward across the Mediterranean

region. At Glasgow, Bergen, and Madrid most of the

precipitation maxima and minima occurred together

with NAO extremes, but each location had some ex-

ceptions: 2002/03 was very dry in Glasgow, and 2004/05

was very wet in Bergen, but both winters were NAO

neutral, whereas 1981/82 was wet in Madrid even

though the NAO was positive.1 The most positive

NAO winter was 1988/89, and the most negative NAO

winter was 2009/10. Figure 6 shows the NOAA CPC

CMAP precipitation anomalies for these winters. Values

are shown only over land where the data are constrained

by rain gauges and the CPC CMAP data are used as a

robustness check on the more reanalysis model-

dependent ERA-Interim values analyzed next. Both

winters had distinctive NAO precipitation anomalies

with, in 1988/89, wet over the northern British Isles and

Scandinavia and dry across Iberia, southern France, and

all countries north of the Mediterranean Sea as well as

northwestern Africa. In 2009/10 the precipitation anom-

aly pattern was approximately reversed. The nodal line

between positive and negative anomalies was notably

located more south in the negative NAO winter than in

the positive NAO winter.

Howwell can the precipitation anomalies in these two

NAO-extreme winters be accounted for by just the

NAO and what are the mechanisms for their genera-

tion? The NAO contribution to precipitation for each

winter can be derived by multiplying the EOF spatial

pattern in Fig. 1 (top left) with the associated time series

value for the winter. The NAO contributions for other

terms can be derived similarly from spatial regressions

on the NAO index and the NAO values for the winters.

For the extreme positive NAO winter of 1988/89, the

NAO well explains the anomaly patterns of P, E, and

P 2 E (Fig. 7) with area-weighted spatial pattern cor-

relation coefficients of 0.77, 0.83, and 0.70, respectively.

The concentration of large P 2 E anomalies in the

eastern part of the region, due to cancellation ofP andE

over the western Atlantic that was seen in the general

relations, also occurs in this winter too. The contribu-

tions to P 2 E of the mean flow and transient eddy

moisture flux convergence anomalies are also well

accounted for by their NAO-associated components

(Fig. 8) with area-weighted spatial pattern correlation

coefficients of 0.66 and 0.57, respectively. The mean

flow moisture convergence drives the wetting in the

northern British Isles and Scandinavia and the drying

across the Mediterranean region. Transient eddies

offset the wetting in northern Europe.

Winter 2009/10 is famous for its extreme cold in

northern Europe, attributed to the extremely negative

NAO (Seager et al. 2010a; Cohen et al. 2010; Cattiaux

et al. 2010), which itself was likely influenced by the

2009/10 El Niño and an easterly quasi-biennial oscilla-

tion phase (Fereday et al. 2012). Although less remarked

upon, it was also a winter with strong negative precipi-

tation anomalies across the northern British Isles and

Scandinavia and strong wet anomalies across Iberia,

Morocco, and the countries along the north shores of the

Mediterranean Sea (Figs. 6 and 9). The P, E, and P2 E

anomalies are well accounted for by the NAO contri-

bution with area-weighted spatial pattern correlation

coefficients of 0.81, 0.78, and 0.77, respectively. As for

the extreme positive NAO winter, the P 2 E anomalies

are concentrated in the east where the P and E anom-

alies do not offset each other. Also as for the positive

NAO winter and the general case, the dry and wet

anomalies in the northern British Isles and Scandinavia

and the Mediterranean region, respectively, were gen-

erated by the mean flow moisture convergence and, in

the former case, offset by the transient eddy moisture

fluxes (Fig. 10). The NAO contribution largely accounts

for these moisture budget anomalies with area-weighted

spatial pattern correlation coefficients of 0.76 and 0.69

for the mean and transient components (Fig. 10).

5. Conclusions

We have presented an observations-based analysis of

the physical mechanisms of winter seasonal mean pre-

cipitation variability associated with the NAO. The

work was based on analyses of interannual circulation

and precipitation variability and associated moisture

budget variability within the ERA-Interim reanalysis

from 1979 to 2017. To our knowledge this provides the

most detailed analysis to date of howmean and transient

1 Investigation of these non-NAO-related extreme winter pre-

cipitation anomalies (not shown) reveals that the dry winter of

2002/03 in Glasgow was related to a high anomaly centered over

the Norwegian Sea that brought easterly anomalies (i.e., opposed

moist westerlies) to Scotland, the wet winter of 2004/05 in Bergen

was related to a high anomaly centered approximately equidistant

between Newfoundland (Canada) and Iceland that brought

northwesterlies off the Norwegian Sea to Bergen, and the wet

winter of 1981/82 in Madrid was related to a very deep low

centered over Denmark that brought strong westerly anomalies

from the Atlantic Ocean over Iberia and was overwhelmingly

dominated by December 1981.
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circulation anomalies associatedwith theNAO translate

into precipitation anomalies that have significant social

impacts onwater resources, power generation, streamflows,

and agriculture across the Europe and Mediterranean re-

gion. Our conclusions are as follows:

d The NAO is the leading mode of winter seasonal

mean circulation variability in the Atlantic–Europe–

Mediterranean region. The leading mode of winter

seasonal mean precipitation variability is clearly as-

sociated with the NAO. NAO-related precipitation

variability accounts for 50% or more of seasonal pre-

cipitation variability in the northern British Isles and

Scandinavia and 20%–50% in Morocco and the coun-

tries along the north shore of the Mediterranean Sea.
d The precipitation anomalies associated with the NAO

are primarily driven by the mean flow moisture con-

vergence anomalies. The precipitation anomalies are

to a lesser extent influenced by the NAO-related shifts

in the storm tracks and the associated anomalies in the

transient eddymoisture fluxes. Transient eddymoisture

fluxes largely act diffusively to oppose the changes in

FIG. 7. (left) The reanalysis (top)P, (middle)E, and (bottom)P2E anomalies for the extreme positiveNAOwinter (DJFM) of 1988/89

and (right) the corresponding component attributable to the NAO anomaly. Area-weighted spatial pattern correlation coefficients be-

tween observed and NAO-attributed patterns are shown above the right panels. All units are millimeters per day.
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precipitation created by the mean flow anomalies and

notably offset the mean flow moisture convergence-

driven precipitation anomalies over the British Isles

and Scandinavia.
d Precipitation anomalies over the northern British

Isles and Scandinavia are primarily driven by anom-

alies in moisture advection related to anomalies in

the prevailing southwesterly flow with the transient

eddy moisture fluxes opposing the mean flow–induced

changes in precipitation. Over continental Europe and

the Mediterranean region the precipitation anomalies

are instead driven by changes in the mean flowmoisture

convergence related to anomalies in low-level mass

convergence and subsidence.
d The precipitation variability over the Mediterranean

region is driven by the mean flow anomalies and not

strongly influenced by the transient eddies in the local

storm track even though there is a noticeable weak-

ening of the strength of the transient eddies in the

lower troposphere during a positive NAO. However,

during a positive NAO, transient eddy moisture flux

convergence notably offsets drying by the mean flow

moisture convergence.
d These general relations hold true for extreme winters.

The two most extreme NAO winters are also winters

of extreme precipitation anomalies across the British

Isles and Scandinavia and the Mediterranean. NAO-

associated mean flow moisture convergence anoma-

lies are the causal mechanisms for these extreme

seasonal precipitation events.

This diagnostic work allows a conceptual model of how

the NAO generates precipitation variations to be de-

veloped, which we illustrate for the case of a positive

FIG. 8. (top) The reanalysis mean flow and (bottom) transient eddy moisture convergence anomalies for (left) reanalysis and (right) the

component attributable to the NAO for the extreme positive NAO winter of 1988/89 (DJFM).
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NAO. A positive NAO establishes low-level south-

westerly flow from the eastern United States to

Scandinavia, northerly flow over southern continental

Europe and easterly flow over the subtropical Atlantic.

Via enhanced wind speed and dry advection, this creates

enhanced evaporation over the subpolar North Atlantic

Ocean. Further, via reduced wind speed and dry advec-

tion, it creates reduced evaporation over the subtropical

North Atlantic. Over the western Atlantic Ocean, the

changes in advection and evaporation largely balance.

Farther east where the changes in evaporation are smaller,

precipitation increases where the flow is southwesterly

and decreases where it is northerly or easterly, re-

spectively due to enhanced or reduced mean flow

moisture convergence. Increased precipitation occurs

over the northern and western British Isles and

Scandinavia as the enhanced southwesterlies meet to-

pography. Reduced precipitation occurs over southern

continental Europe and the Mediterranean region un-

der the influence of subsiding air and mean flow mois-

ture divergence. The mean flow anomalies also create,

via dry advection, regions of reduced column-integrated

moisture over the subpolar and subtropical North Atlantic

with a region of enhanced moisture caused by moist

FIG. 9. As in Fig. 7, but for the extreme negative NAO winter (DJFM) of 2009/10.
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advection in between. Transient eddy moisture fluxes

primarily work to damp these humidity anomalies. In

addition, the poleward shift of the storm track in the

lower atmosphere creates a transient eddy moisture

divergence anomaly that partly offsets the increase in

precipitation driven by the mean flow anomalies over

the northern British Isles and Scandinavia.

Note that the patterns and mechanisms of NAO-

related moisture budget variability are distinctly differ-

ent from those related to greenhouse gas–driven climate

change. Radiatively forced hydroclimate change in the

Mediterranean region has been examined by Seager

et al. (2014). The NAO-related P 2 E pattern has a

quadrupole structure with strongest anomalies over

Europe and the Mediterranean region. In contrast, the

modeled and observed climate change pattern of P 2 E

change is much more zonally uniform [see Seager et al.

(2019) for a comparison of these]. The essential mechanism

difference is that under greenhouse gas–induced change

the atmospheric temperature and specific humidity in-

crease everywhere. This creates a strong thermodynamic

component to hydroclimate change. This works to amplify

the existing pattern of P 2 E as moisture convergence

increases in ascending regions and moisture divergence

increases in descending regions. In addition, transient

eddy moisture transports also increase, which again dries

subtropical regions and moistens higher latitudes, espe-

cially over easternNorthAmerica and theNorthAtlantic.

However, the dynamical components related to changes

in mass convergence are similar between the NAO

and climate change. For both climate change and a

positive NAO, descent over southern Europe and the

Mediterranean region causes reduced P 2 E, but as-

cent over some regions of northwest Europe causes

increased P 2 E. Despite some commonalities, even

these dynamical patterns are different because the

FIG. 10. As in Fig. 8, but for the extreme negative NAO winter (DJFM) of 2009/10.

7194 JOURNAL OF CL IMATE VOLUME 33

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/16/7179/4982355/jclid200011.pdf by guest on 21 July 2020



climate change–induced circulation change is distinct

from that of the NAO. This makes clear that future

hydroclimate change in the European–Mediterranean

cannot be explained using an NAO analogy.

This work suggests some clear directions for future

research. Given the strong influence of the NAO on

European and Mediterranean winter climate, skillful

predictions and projections of regional weather, climate

variability, and climate change require skillful predic-

tion of the NAO-associated components. Hence it is

important to assess not just how well models simulate

the NAOas a circulation phenomenon but also howwell

they simulate the mechanisms of NAO-associated precip-

itation variability. In particular, there is a need to assess

whether models have the correct spatial patterns and

amplitudes of the mean flow and transient eddy mois-

ture convergence and evaporation/evapotranspiration

contributions to NAO-associated precipitation vari-

ability. Biases in this regard will translate into biases in

the NAO-related precipitation variability but, having

been diagnosed, will identify where efforts at model

improvement must be directed. The conclusions pre-

sented here with regard to transient eddies could also

be checked using methods that use storm tracking and

attribute precipitation to storms, as Zappa et al. (2015)

have done in the climate change context. Of particular

interest will be to examine how, in environments in

which precipitation often occurs within storms (e.g.,

the Mediterranean), the mean flow interacts with the

storms such that the precipitation variability is ac-

counted for by the mean flow moisture convergence

variability.
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