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ABSTRACT

The physical mechanisms whereby the mean and transient circulation

anomalies associated with the North Atlantic Oscillation (NAO) drive win-

ter mean precipitation anomalies across the North Atlantic, Europe and the

Mediterranean are investigated using the European Centre for Medium Range

Weather Forecasts Interim Reanalysis. A moisture 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 advection.

Over the eastern North Atlantic, Europe and the Mediterranean, precipitation

anomalies are primarily driven by the mean flow anomalies with, for a posi-

tive 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 re-

gion. Transient eddy moisture fluxes work primarily to oppose the anomalies

in precipitation minus evaporation generated by the mean flow but shifts in

storm track location and intensity help explain regional details of the precip-

itation anomaly pattern. The extreme seasonal precipitation anomalies that

occurred during the two winters with the most positive (1988/89) and nega-

tive (2009/10) NAO indices are also explained by NAO-associated mean flow

moisture convergence anomalies.
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1. Introduction40

The North Atlantic Oscillation (NAO) is a seesaw in pressure between the subpolar Icelandic41

Low and the subtropical Azores High regions of the North Atlantic Ocean. The impacts of anoma-42

lies in the strength of the Icelandic Low on temperatures in Greenland and Denmark had been43

noticed as far back as the 1770s (see van Loon and Rogers (1978)). When the Icelandic Low44

is strong, cyclonic flow brings cold northerly air to Greenland and warm southerly air to north-45

western Europe creating a west-east seesaw in temperature. A significant advance in dynamical46

understanding of the NAO came through the use of correlation analyses of meteorological records47

from multiple widely spread weather stations. Walker and Bliss (1932) created an NAO index48

that used sea level pressure (SLP) and temperature data from stations around the North Atlantic49

and into Europe. They published maps of SLP and temperature correlations with this index for50

December to February. The maps show the NAO to be a hemispheric scale phenomenon with, in51

its positive phase, high SLP spanning across the subtropics and mid-latitudes from the Americas52

to western Asia and low SLP spanning from eastern Canada across the subpolar North Atlantic53

to Scandinavia. Notably, Walker and Bliss (1932) also mapped precipitation anomalies which54

showed, again for the positive phase of the NAO, increased precipitation in Scandinavia, reduced55

precipitation over most of continental Europe and the western and central Mediterranean and in-56

creased precipitation over the Levant.57

Modern work has greatly improved characterization and understanding of the NAO. It is now58

known to fundamentally arise from the internal atmospheric dynamics of wave-wave and/or wave-59

mean flow interaction. This is consistent with the stationary wave anomalies that define the NAO60

being strongly associated with anomalies in the location and intensity of the North Atlantic storm61

track (Rogers 1997). During the positive phase of the NAO the storm track is intensified over62
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Scandinavia and weakened over southern Europe and vice versa for the negative phase of the63

NAO. Also consistent with the idea of an origin in wave-wave interaction is that the NAO has64

considerable power at the synoptic timescale (Feldstein 2000). Further, it has been shown that65

interannual variability of the NAO can be explained in terms of such climate ”noise” and does not66

require forcing external to the atmosphere (Feldstein 2000).67

Different ideas have been proposed for how wave-wave and/or wave-mean flow interaction gen-68

erate the NAO. DeWeaver and Nigam (2000) emphasized a two-way constructive interaction69

between the zonal mean flow and fluxes of vorticity and heat by the stationary waves that could70

explain the NAO and its persistence. In contrast, Barnes and Hartmann (2010), examining the71

circulation over the Atlantic sector only, argued that the stationary wave anomaly of the NAO72

caused a shift in the jet stream and the location of transient eddy generation which generated vor-73

ticity fluxes that reinforced the stationary wave - a wave-wave interaction. They also show that74

the induced vertical circulation and low level divergent flow maintained the flow anomaly against75

surface damping leading to persistence. These mechanisms are not mutually exclusive. The neg-76

ative NAO phase is also associated with increased blocking frequency in the northwest Atlantic77

region which might also be indicative of coupling between synoptic and seasonal timescale eddies78

(Croci-Maspoli et al. 2007). Also it has become clear that variability of the NAO on weather and79

seasonal timescales is strongly influenced by downward propagation, on a timescale of weeks, of80

anomalies in the stratospheric polar vortex (e.g. Baldwin and Dunkerton (2001)). As discussed81

in the comprehensive, informative review by Kidston et al. (2015), the stratospheric influence82

on the extratropical troposphere, including the NAO, extends across all timescales and works by83

initiating the wave-wave and wave-mean flow feedbacks discussed above.84

Despite these understandings of flow anomalies on the subseasonal timescale, there remains85

considerable disputation about the sources of interannual to multidecadal variability of the NAO.86
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This variability is quite marked with a trend towards a negative NAO from the 1920s to the 1960s,87

followed by a positive trend to the 1990s, a negative trend to about 2010 and another upward88

trend since (see Hurrell (1995); Pinto and Raible (2012) and Figure 1). Using very different89

approaches, both Feldstein (2002) and Osborn (2004) argued that the late 20th century increase90

of the NAO could not be explained by internal atmosphere variability and required some forcing,91

either from the oceans and cryosphere or radiative. For a while it was thought that the late 20th92

century upward trend of the NAO might be a response to rising greenhouse gas concentrations (e.g.93

Shindell et al. (1999)). However, the subsequent decline in the NAO, together with awareness that,94

according to coupled models, forced changes to date are small compared to the observed variability95

(Osborn 2011), has renewed efforts to explain where the impressive decadal variability originates96

from. It has been argued that SST forcing of the NAO, primarily from the tropical Pacific, but97

potentially involving the stratosphere (Ineson and Scaife 2009), and the solar irradiance influence98

on the stratospheric polar vortex enable skillful prediction of the NAO on seasonal to interannual99

timescales (Scaife et al. 2014). However, it should be noted that current coupled models fail to100

simulate the degree of low frequency variability that has been observed (Kravtsov 2017; Wang101

et al. 2017; Kim et al. 2018; Simpson et al. 2018). This is not due to the historical record being102

unusual since decadal and even longer timescale variability of the NAO is robust in multi-century103

instrumental (Mellado-Cano et al. 2019) and tree ring-based (Cook et al. 2019) estimates of the104

NAO.105

The precipitation anomalies associated with the NAO have considerable social impacts. For106

example, it has been shown that the NAO has a strong influence on the occurrence of extreme pre-107

cipitation at the daily timescale in the western Mediterranean and northwestern Europe (Krichak108

et al. 2014). The NAO significantly influences river flows in the Middle East and, hence, water109

availability for agriculture, power generation and urban populations (Cullen et al. 2002), water110
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availability for intensive agriculture and hydropower in the Iberian peninsula (Trigo et al. 2004),111

wind power and solar potential over Iberia (Jerez et al. 2013), hydropower output in Norway112

(Cherry et al. 2005) and wheat yields in Europe and North Africa (Anderson et al. 2019). All these113

examples of social impacts of the NAO follow primarily from how the NAO influences precipi-114

tation variability in the winter season. While our knowledge of the dynamics of NAO variability115

is incomplete, we know even less about the physical mechanisms of the associated precipitation116

variability. Typically, authors simply state that NAO variability generates precipitation anomalies117

via shifts in winds and storm tracks but do not state how these shifts contribute, what their spatial118

patterns are or their relative amplitude. Here, to the best of our knowledge, we provide the first119

comprehensive, quantitative assessment of how the NAO generates precipitation anomalies. In a120

solely observational study, we quantify the mechanisms using a well established (Seager et al.121

2010b) decomposition of the moisture budget in an atmospheric reanalysis. This will allow us122

to assess how precipitation variations across the North Atlantic, Europe and Mediterranean region123

are related to changes in circulation and humidity, changes in mean flow moisture convergence and124

advection and changes in storm tracks. We will also examine for two winters with NAO extremes125

the mechanisms of associated precipitation extremes and the NAO contribution. Collectively, this126

will provide a more complete understanding of NAO-related precipitation variability.127

2. Data and Methodology128

a. Reanalysis and observational data sets129

To evaluate the mechanisms of NAO-related precipitation variability we use the European Centre130

for Medium Range Weather Forecasts Interim Reanalysis (ERA-Interim) at 6-hourly resolution131

for the period January 1979 to December 2017. To compare the precipitation anomalies in ERA-132
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Interim against observations for specific extremes of the NAO, and to compare histories of the133

NAO and observed precipitation around the Europe and Mediterranean region, we use the National134

Oceanic and Atmospheric Administration Climate Prediction Centre (CPC) Merged Analysis of135

Precipitation (CMAP, Xie and Arkin (1996, 1997)). CPC CMAP is a merge of satellite and136

gauge-based data and hence provides values over ocean as well as land and cover January 1979 to137

present.138

b. Methodology to determine mechanisms of NAO-related precipitation variability139

To determine the mechanisms of NAO-related precipitation anomalies we use a moisture budget140

approach. This was developed to analyze mechanisms of hydroclimate change (Seager et al.141

2010b) and has been applied in the Mediterranean region (Seager et al. 2014) but can also be142

applied to studies of hydroclimate variability (Seager et al. 2012).143

The moisture budget equation, assuming a steady state with no change in column integrated144

moisture over time, can be written in vertically discrete form as:145

P≈ E− 1
gρw

∇ ·
K

∑
k=1

uk qkd pk−
1

gρw
∇ ·

K

∑
k=1

u′kq′k d pk, (1)

≈ E− 1
gρw

K

∑
k=1

uk ·∇qkd pk−
1

gρw

K

∑
k=1

qk∇ ·ukd pk

− 1
gρw

∇ ·
K

∑
k=1

u′kq′k d pk−
1

gρw
qsus ·∇ps. (2)

Here P is precipitation, E is evaporation (taken to include transpiration), g is the acceleration146

due to gravity, ρw is the density of water, p is pressure, q is specific humidity and u the vector147

horizontal velocity. The overbar indicates monthly means and primes indicate departures of six-148

hourly values from monthly means. Subscript k indicates model level with pressure thickness d pk.149

The second and third terms on the right of Eq. 1 are the moisture convergence by the mean flow150
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and submonthly transient eddies, respectively. The approximation in Eq. 1 comes from neglecting151

time rate of change of moisture (which is small for seasonal means compared to the other terms),152

ignoring terms involving d p′k, errors introduced by using numerical methods distinct from those153

used in the ECMWF model, analysis increments and humidity tendencies in the model that were154

not archived and cannot be evaluated (e.g. diffusion; see Seager and Henderson (2013) for a155

discussion of all of these sources of error). In Eq. 2 the mean flow moisture convergence has156

been broken down into components due to moisture advection, i.e. flow across spatial gradients of157

moisture, and the divergent flow. The last term on the right hand side is a surface term that arises158

from bringing the divergence operator inside the vertical integral in order to enable the separation159

into advection and mass divergence terms. The computation of the vertical integrals, the horizontal160

divergences and the surface term are all done according to the “best practises” methodology of161

Seager and Henderson (2013) where these were developed using ERA-Interim data.162

In Equations 1 and 2 all terms are first evaluated as monthly means and the seasonal means are163

evaluated by averaging over the monthly means. Seasonal anomalies of each term are computed164

as the departures of the seasonal means from the average across all years of the seasonal means.165

Here we only analyze the winter seasonal mean of December to March (DJFM).166

We define the NAO as the first Empirical Orthogonal Function (EOF) of DJFM seasonal mean167

500hPa heights in the European-Mediterranean-North Atlantic sector given by 60◦W −70◦E and168

0◦−90◦N. This region extends further east than is often used for NAO definitions but this is done169

to directly incorporate the Middle East within the region of study of NAO-precipitation relations.170

Typically a more longitudinally restricted range is used in the EOF analysis to define the NAO171

but this makes little difference to the retrieved NAO pattern. The EOF analysis is performed such172

that the spatial patterns carry the units (meters and mm/day) and the associated time series are173

in standardized units. The NAO-associated anomalies of P are evaluated by regressing DJFM174
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mean values of ERA-Interim P onto the time series associated with the first 500hPa height EOF.175

To understand the mechanisms of the P variability, the terms in the moisture budget equation are176

similarly regressed onto the time series. Significance of the P and moisture budget regressions177

is evaluated with a two sided t-test at the 5% level. To demonstrate the relevance of the NAO178

to regional precipitation variability we also conducted an EOF analysis of DJFM P for the same179

longitude domain but 15◦−90◦N (to eliminate heavy tropical precipitation) and regressed 500hPa180

heights upon the time series of the leading mode.181

To examine the dynamical underpinnings of transient eddy zonal and meridional moisture flux182

(u′q′ and v′q′) variability associated with the NAO we also examined the variability of u′2 and v′2183

at 850hPa in the lower troposphere where moisture is concentrated. For a purer analysis of the184

associated storm track variability we analyzed variability of v′2 at 200hPa near where eddy kinetic185

energy of synoptic eddies maximizes.186

The EOF and regression analyses focus on general associations and assume linearity. To assess187

whether these general relations can be used to explain precipitation anomalies in particular extreme188

winters we selected the two winters with the highest (1988/89) and lowest (2009/10) NAO values.189

We plot the P and moisture budget anomalies for these two winters as well as those reconstructed190

by multiplying the NAO-associated quantities by the NAO index for the two winters. To assess if191

the results for P from ERA-Interim are supported by direct observations the P anomalies from the192

CPC CMAP satellite-gauge data are plotted for the two extreme winters and time series of CPC193

CMAP precipitation and NAO values are plotted for the locations of four cities across the region194

(Glasgow, Bergen, Madrid, Belgrade). This work allows us to assess the mechanisms whereby195

extremes of the NAO translate into extremes of winter mean precipitation.196
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3. Mechanisms of NAO-related precipitation variability197

a. The circulation and precipitation anomalies of the NAO198

Figure 1 in the left column shows the leading EOF of DJFM 500hPa height in the North Atlantic-199

Europe-Mediterranean region for both its spatial pattern (top row) and time series (bottom row,200

hereafter the NAO time series). As is well known, during its positive phase as shown, the NAO201

is associated with an anomalous low height anomaly extending from Hudson Bay to Scandinavia202

and centered around Iceland paired with a high height anomaly that extends from the southeast203

United States across the mid-latitude Atlantic Ocean and into continental Europe. The NAO has204

notable interannual variability and also trended downwards from the early 1990s to the end of the205

2000s and has moved upward since. Figure 1 also shows the precipitation anomaly pattern found206

by regression on the NAO time series. There are wet anomalies over the subpolar North Atlantic,207

the northern British Isles and Scandinavia and dry anomalies over the eastern mid-latitude North208

Atlantic and southern Europe, in agreement with Trigo et al. (2004).209

Figure 1 in the right column shows results from an EOF analysis of ERA-Interim P with regres-210

sion of 500hPa heights on the associated time series (bottom row). This recovers the NAO patterns211

of circulation and precipitation making clear that this is the leading mode of winter season precip-212

itation variability in this region. The middle row in Figure 1 shows the associated 850hPa wind213

vectors. In the high NAO phase westerly anomalies flow from the Labrador Sea to Scandinavia214

and easterly anomalies flow from Iberia to the Gulf of Mexico. The correlation coefficient of the215

time series from the EOF analyses of heights and precipitation is 0.94 which strongly emphasizes216

the dominance of the NAO on winter mean precipitation variability in the region.217

Figure 2 shows the fraction of variance of seasonal mean precipitation explained by the NAO.218

For continental land areas in the Mediterranean this can vary up to 0.4. In Scotland and Scandi-219
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navia it can reach as high as 0.8 or above. In the southern British Isles and across Northern France,220

Germany and Poland the fraction is very small since these are aligned along a nodal line in the221

NAO-associated precipitation anomaly pattern. Over the subpolar eastern North Atlantic Ocean222

half of the variance of seasonal mean P is explained by the NAO.223

b. Important aspects of the mean climate that the NAO perturbs224

Figure 3 shows some key aspects of the mean climatology in the region that are essential to225

understanding how the circulation anomalies cause the P anomalies shown in Figure 1. The map226

of the climatological v′2 at 850hPa (upper left, contours) illustrates the storm track at levels in227

the troposphere where it can be effective in transporting moisture. A clear maximum extends228

northeastward from Nova Scotia to Norway. This storm activity occurs within an environment229

with a strong meridional gradient of vertically integrated moisture (upper left, shading) and, hence,230

will accomplish significant poleward moisture transport (lower left panel). The moisture transport231

maximizes on the southern edge of the storm track where the moisture gradient is stronger. The232

humidity field has a “ridge” that stretches from the Caribbean to Scotland and, consequently, the233

zonal transient eddy moisture flux (bottom right panel) is, in general, positive east and negative234

west of this ridge. The zonal eddy velocity variance (top right panel) exhibits less of a storm235

track structure but has a maximum between southern Greenland and Iceland, a region of strong236

zonal eddy drying. There is an exception to the general rule of down gradient eddy moisture237

transport east of the southeast US. Here the eddy moisture flux is eastward (Figure 3, bottom238

right) despite the mean vertically-integrated moisture increasing from west to east (Figure 3, top239

left). This is because of a strong positive covariance between zonal and upward eddy velocities240

(not shown), such that westerly anomalies are also upward and, hence, moist (an idea suggested241

by Prof. W.A. Robinson, pers. comm., May 2019). The climatological sea level pressure pattern242
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(upper right panel) emphasizes the strong southwest to northeast mean flow into the British Isles243

and Scandinavia between the Azores High and the Icelandic Low.244

The NAO pattern (Figure 1) in combination with the climatological patterns (Figure 3) can be245

used to infer that the positive phase of the NAO will strengthen westerly flow from the Labrador246

Sea to Scandinavia, weaken the mid-latitude westerly flow around 30◦− 40◦N and strengthen247

the easterly trade wind flow from Iberia to the Gulf of Mexico. Considering how the NAO flow248

anomalies will interact with the mean humidity gradients, we expect the westerly and easterly wind249

anomalies to both induce advective drying over the subpolar and subtropical North Atlantic with250

the easterly wind anomalies inducing advective wetting over the mid-latitude ocean in between.251

However, other terms in the moisture budget will also come into play and need to be quantitatively252

determined.253

c. The NAO-related moisture budget variability254

Figure 4 shows the results of regressing P and the terms in the moisture budget in Eqs. 1 and255

2 onto the time series associated with the first EOF of 500hPa heights (our defined NAO index).256

The P field is as in Figure 1. A striking feature to note is the extent to which over the ocean NAO-257

related anomalies in P are compensated for by anomalies in E. Over the subpolar (midlatitude)258

North Atlantic stronger (weaker) westerlies are associated with increased (decreased) E and P.259

It is reasonable to suppose that the changes in P result from the changes in E. Over the eastern260

North Atlantic the compensation between P and E is weaker with P winning the battle. As a261

consequence, the NAO-related P−E anomaly is concentrated west of Iberia and north Africa and262

over the Norwegian Sea. There is a weaker dipole between negative P−E in the Labrador Sea263

and positive P−E east of the US and Canada in the western Atlantic basin. This pattern of P−E264

anomalies, which is the freshwater forcing for the ocean, would favor enhanced salinity in the265
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Labrador Sea and reduced salinity in the Norwegian Sea and, in combination with SST changes,266

potentially, a shift of deep water formation from the latter to the former region (Zhang et al.267

2019). However, salinity changes associated with the NAO are influenced by salt advection not268

just surface fluxes (Herbert and Houssais 2009).269

The spatial patterns of NAO-associated P−E anomalies (Figure 4c) closely match those of the270

mean flow moisture convergence (Figure 4d). Away from the Mediterranean and eastern Europe,271

the mean flow moisture convergence anomaly is dominated by the advection term (Figure 4f).272

However, the drying over the Mediterranean region for a positive NAO is associated with increased273

mean flow moisture and mass divergence, i.e. subsidence (Figure 4e). The surface term (Figure274

4g) is noisy and clearly related to topography because of its inclusion of horizontal gradients of275

surface pressure, but we need not consider it more.276

The transient eddy moisture convergence term (Figure 4h) to first order acts to simply oppose,277

but not fully offset, the P−E anomaly pattern established by the mean flow moisture convergence278

anomaly. For example, during a positive NAO the transient eddy moisture convergence anomaly279

actually dries the British Isles and Scandinavia. Hence, despite the well remarked upon and dy-280

namically active role that storm track variations play within NAO anomalies, the transient eddies281

play a primarily passive role and damp anomalies of P−E generated by the mean flow circulation282

anomalies. To quantify this, the area-weighted spatial pattern correlation coefficient between the283

transient eddy (Figure 4h) and mean flow (Figure 4d) moisture flux convergences is -0.72. The284

transient eddy moisture flux convergence even more closely offsets the component of the mean285

flow moisture convergence that is due to advection (Figure 4f) with an area-weighted spatial pat-286

tern correlation coefficient of -0.77. Notably, the dry conditions over the Mediterranean during a287

positive NAO are not caused by reduced transient eddy moisture convergence in the Mediterranean288

stormtrack, with the exception of the east coast of Spain. In fact, over the eastern Mediterranean,289
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Greece and Turkey the transient eddy moisture convergence actually moistens and offsets mean290

flow moisture divergence due to subsidence during a positive NAO.291

d. Dynamical interpretation of the NAO-associated precipitation variability292

The key feature we wish to explain is the north-south dipole of increased-decreased P during a293

positive NAO that extends near zonally from the western North Atlantic well into Eurasia. First294

of all there is a role for evaporation anomalies. The NAO circulation anomaly with enhanced295

westerlies over the subpolar ocean and weakened westerlies over the midlatitude ocean generates296

a north-south dipole of enhanced-reduced E. The E anomalies arise from increased wind speed297

and increased dry advection over the subpolar ocean and reduced wind speed and reduced dry298

advection over the mid-latitude ocean (see Seager et al. (2000) for a quantitative decomposition299

of surface moist static energy fluxes).300

NAO mean circulation anomalies also influence the advection and convergence of moisture.301

Over the western North Atlantic the westerly subpolar and southeasterly mid-latitude anomalies302

create dry and moist advection anomalies, respectively, that offset the E anomalies allowing for303

weak P anomalies. Over the eastern North Atlantic and Europe the westerly and moist advection304

anomaly to the north and easterly and dry advection anomaly to the south, in the presence of weak305

E anomalies, translate into positive P anomalies over the northern British Isles and Scandinavia306

and negative P anomalies over the subtropical eastern North Atlantic. The NAO-associated mass307

convergence anomaly dries most of Europe and is responsible for the Mediterranean region drying308

during a positive NAO. This is explained in terms of the NAO-associated northerly flow across309

most of Europe and the Mediterranean (Figure 1) which will induce, by cold advection and positive310

planetary vorticity advection, subsidence and low level mass divergence.311
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e. Understanding the role of transient eddies in the NAO-associated moisture budget variability312

Next we seek to explain the role that transient eddy moisture fluxes, and NAO-associated313

changes in the strength and location of the stormtrack, play in generating anomalies of P. Fig-314

ure 5a shows the familiar picture of NAO-associated storm track variability as seen in 250hPa v′2.315

For a positive NAO there is a clear northward shift and intensification of the storm track from316

North America well into Eurasia. The British Isles, Scandinavia and northern Europe see greater317

upper troposphere eddy activity and the Mediterranean region sees weaker activity. Within the318

lower troposphere the eddy activity anomalies look different, restricted to the eastern Atlantic and319

Eurasia region, and less coherent (Figure 5b). However, Scandinavia and Russia see an increase320

and some areas of the Mediterranean a decrease, in 850hPa v′2. For lower troposphere u′2 there is321

a broad decrease over the central North Atlantic (consistent with reduced blocking here during a322

positive NAO (Croci-Maspoli et al. 2007)) and an increase centered over the Norwegian Sea.323

These changes in v′2 and u′2 acting on the unchanged humidity field would be expected to am-324

plify or diminish the patterns of v′q′ and u′q′ (Figure 3). This is the case for v′q′ over Scandinavia325

and the southwestern Europe-eastern mid-latitude Atlantic region where increases and decreases,326

respectively, co-locate with increased and decreased v′2. The pattern of change in u′q′ can also327

partly be explained by the pattern of change in u′2. In the Labrador Sea and east of Newfoundland328

reduced u′2 leads to weakening the negative u′q′ that prevails there. Reduced u′q′ over Iberia and329

to its southwest can also be explained in terms of reduced u′2.330

The anomalies of u′q′ and v′q′ can also be influenced by changes in the humidity field gradients331

(Figure 5d) driven by the NAO mean circulation anomalies. The anomalous zonal gradients are332

weak and do not strongly influence u′q′ except over Russia where this term moistens eastward of333

the humidity increase over the Baltic Sea. The meridional gradients of humidity anomalies are, in334
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contrast, strong and the meridional transient eddy moisture flux anomalies, v′q′, are well explained335

in terms of a down-gradient transport of moisture anomalies. The southwest to northeast band of336

northward transient eddy moisture transport between the northeast US and Scandinavia (Figure337

3, lower left) removes moisture from the similarly oriented band of anomalously high moisture338

between Florida and northwest Europe and into the area of anomalously low moisture over the339

Labrador Sea, Greenland and the Greenland Sea (Figure 5d). The strong southward transient eddy340

moisture transport (which is really reduced northward transport) stretching southwest from Iberia341

and the Bay of Biscay moves less moisture from the region of anomalously low moisture extending342

southwest from Iberia to the region of anomalously high moisture to its north.343

The NAO-associated moisture anomaly can be understood in terms of the mean flow anomalies.344

The drier regions over the northwest and southeast North Atlantic (Figure 5d) occur where the345

flow anomaly induces dry advection from dry continental regions or cooler waters (Figure 4f). The346

band of moist anomalies in between (Figure 5d) occurs where the mean flow anomaly is westerly347

(Figure 1, middle row) and from moist regions above the North Atlantic Drift and Norwegian348

Current to drier regions eastward and over land (the British Isles and Scandinavia) and where349

there is a southerly component to the flow anomaly (east of the United States, Figure 1, middle350

row). The transient eddy moisture fluxes then work to oppose these anomalies generated by the351

mean flow (Figure 4h).352

Consequently, transient eddies work to remove humidity anomalies created by the NAO, but also353

play an active role by altering moisture fluxes where the storm tracks weaken and strengthen.354

4. The NAO and extreme wet and dry winters in the Europe-Mediterranean region355

The work presented so far concerns the general relation between the NAO and precipitation356

variations and the physical mechanisms involved. But, as Figure 2 makes clear, while the NAO is357
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the dominant mode of variability of winter season precipitation in the region, it does not explain358

everything. Hence next we consider how well the NAO correlates with precipitation variability in359

specific locations across the region and then examine spatial patterns of precipitation and moisture360

budget anomalies for the two winters with the most positive and negative NAO anomalies.361

Figure 6 shows time series of concurrent seasonal NAO and CPC CMAP precipitation anomalies362

for grid point locations nearest to Glasgow, Bergen, Madrid and Belgrade. The results are consis-363

tent with the maps of NAO-explained precipitation variance in Figure 2 and show strong positive364

correlations in Glasgow and Bergen and a slightly weaker negative correlation in Madrid. The neg-365

ative correlation in Belgrade is much weaker, consistent with the weakening of the NAO-explained366

variance eastward across the Mediterranean region. At Glasgow, Bergen and Madrid most of the367

precipitation maxima and minima occurred together with NAO extremes but each location had368

some exceptions: 2002/3 was very dry in Glasgow and 2004/5 was very wet in Bergen but both369

winters were NAO neutral, while 1981/2 was wet in Madrid even though the NAO was positive. 1
370

The most positive NAO winter was 1988/9 and the most negative NAO winter was 2009/10. Fig-371

ure 6 shows the NOAA CPC CMAP precipitation anomalies for these winters. Values are shown372

only over land where the data are constrained by rain gauges and the CPC CMAP data are used as373

a robustness check on the more reanalysis model-dependent ERA-Interim values analyzed next.374

Both winters had distinctive NAO precipitation anomalies with, in 1988/89, wet over the northern375

British Isles and Scandinavia and dry across Iberia, southern France and all countries north of376

the Mediterranean Sea as well as northwest Africa. In 2009/10 the precipitation anomaly pattern377

1Investigation of these non-NAO related extreme winter precipitation anomalies (not shown) reveals: the dry winter of 2002/3 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 2004/5 in Bergen was related to a high anomaly centered approximately equidistant between Newfoundland and Iceland that brought

northwesterlies off the Norwegian Sea to Bergen; the wet winter of 1981/2 in Madrid was related to a very deep low centered over Denmark that

brought strong westerly anomalies from the Atlantic Ocean over Iberia and this was overwhelmingly dominated by December 1981.
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was approximately reversed. The nodal line between positive and negative anomalies was notably378

located more south in the negative NAO winter than in the positive NAO winter.379

How well can the precipitation anomalies in these two NAO-extreme winters be accounted for380

by just the NAO and what are the mechanisms for their generation? The NAO contribution to381

precipitation for each winter can be derived by multiplying the EOF spatial pattern in Figure 1382

(top left) with the associated time series value for the winter. The NAO contributions for other383

terms can be derived similarly from spatial regressions on the NAO index and the NAO values for384

the winters. For the extreme positive NAO winter of 1988/9 the NAO well explains the anomaly385

patterns of P, E and P−E (Figure 7) with area-weighted spatial pattern correlation coefficients386

of 0.77, 0.83 and 0.70 respectively. The concentration of large P−E anomalies in the eastern387

part of the region, due to cancellation of P and E over the western Atlantic that was seen in388

the general relations, also occurs in this winter too. The contributions to P− E of the mean389

flow and transient eddy moisture flux convergence anomalies are also well accounted for by their390

NAO-associated components (Figure 8) with area-weighted spatial pattern correlation coefficients391

of 0.66 and 0.57 respectively. The mean flow moisture convergence drives the wetting in the392

northern British Isles and Scandinavia and the drying across the Mediterranean region. Transient393

eddies offset the wetting in northern Europe.394

Winter 2009/10 is famous for its extreme cold in northern Europe, attributed to the extremely395

negative NAO (Seager et al. 2010a; Cohen et al. 2010; Cattiaux et al. 2010) which itself was likely396

influenced by the 2009/10 El Niño and an easterly Quasi-Biennial Oscillation phase (Fereday397

et al. 2012). Although less remarked upon, it was also a winter with strong negative precipita-398

tion anomalies across the northern British Isles and Scandinavia and strong wet anomalies across399

Iberia, Morocco and the countries along the north shores of the Mediterranean Sea (Figures 6 and400

9). The P, E and P−E anomalies are well accounted for by the NAO contribution with area-401

19

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-20-0011.1.

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/doi/10.1175/JC
LI-D

-20-0011.1/4960569/jclid200011.pdf by U
N

IVER
SITY O

F EAST AN
G

LIA user on 23 June 2020



weighted spatial pattern correlation coefficients of 0.81, 0.78 and 0.77 respectively. As for the402

extreme positive NAO winter, the P−E anomalies are concentrated in the east where the P and403

E anomalies do not offset each other. Also as for the positive NAO winter and the general case,404

the dry and wet anomalies in the northern British Isles and Scandinavia and the Mediterranean re-405

gion, respectively, were generated by the mean flow moisture convergence and, in the former case,406

offset by the transient eddy moisture fluxes (Figure 10). The NAO contribution largely accounts407

for these moisture budget anomalies with area-weighted spatial pattern correlation coefficients of408

0.76 and 0.69 for the mean and transient components (Figure 10).409

5. Conclusions410

We have presented an observations-based analysis of the physical mechanisms of winter sea-411

sonal mean precipitation variability associated with the NAO. The work was based on analyses412

of interannual circulation and precipitation variability and associated moisture budget variabil-413

ity within the ERA-Interim Reanalysis for 1979 to 2017. To our knowledge this provides the414

most detailed analysis to date of how mean and transient circulation anomalies associated with the415

NAO translate into precipitation anomalies that have significant social impacts on water resources,416

power generation, streamflows and agriculture across the Europe and Mediterranean region. Our417

conclusions are as follows.418

• The NAO is the leading mode of winter seasonal mean circulation variability in the Atlantic-419

Europe-Mediterranean region. The leading mode of winter seasonal mean precipitation vari-420

ability is clearly associated with the NAO. NAO-related precipitation variability accounts for421

50% or more of seasonal precipitation variability in the northern British Isles and Scandinavia422

and 20-50% in Morocco and the countries along the north shore of the Mediterranean Sea.423
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• The precipitation anomalies associated with the NAO are primarily driven by the mean flow424

moisture convergence anomalies. The precipitation anomalies are to a lesser extent influenced425

by the NAO-related shifts in the storm tracks and the associated anomalies in the transient426

eddy moisture fluxes. Transient eddy moisture fluxes largely act diffusively to oppose the427

changes in precipitation created by the mean flow anomalies and notably offset the mean flow428

moisture convergence-driven precipitation anomalies over the British Isles and Scandinavia.429

• Precipitation anomalies over the northern British Isles and Scandinavia are primarily driven430

by anomalies in moisture advection related to anomalies in the prevailing southwesterly flow431

with the transient eddy moisture fluxes opposing the mean-flow induced changes in precipi-432

tation. Over continental Europe and the Mediterranean region the precipitation anomalies are433

instead driven by changes in the mean flow moisture convergence related to anomalies in low434

level mass convergence and subsidence.435

• The precipitation variability over the Mediterranean region is driven by the mean flow anoma-436

lies and not strongly influenced by the transient eddies in the local storm track even though437

there is a noticeable weakening of the strength of the transient eddies in the lower tropo-438

sphere during a positive NAO. However, during a positive NAO, transient eddy moisture flux439

convergence notably offsets drying by the mean flow moisture convergence.440

• These general relations hold true for extreme winters. The two most extreme NAO winters441

are also winters of extreme precipitation anomalies across the British Isles and Scandinavia442

and the Mediterranean. NAO-associated mean flow moisture convergence anomalies are the443

causal mechanisms for these extreme seasonal precipitation events.444

This diagnostic work allows a conceptual model of how the NAO generates precipitation variations445

to be developed which we illustrate for the case of a positive NAO. A positive NAO establishes low446
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level southwesterly flow from the eastern US to Scandinavia, northerly flow over southern conti-447

nental Europe and easterly flow over the subtropical Atlantic. Via enhanced (reduced) wind speed448

and dry advection this creates enhanced (reduced) evaporation over the subpolar (subtropical)449

North Atlantic Ocean. Over the western Atlantic Ocean the changes in advection and evaporation450

largely balance. Further east where the changes in evaporation are smaller, precipitation increases451

where the flow is southwesterly and decreases where it is northerly or easterly, due to enhanced452

(reduced) mean flow moisture convergence. Increased precipitation occurs over the northern and453

western British Isles and Scandinavia as the enhanced southwesterlies meet topography. Reduced454

precipitation occurs over southern continental Europe and the Mediterranean region under the in-455

fluence of subsiding air and mean flow moisture divergence. The mean flow anomalies also create,456

via dry advection, regions of reduced column-integrated moisture over the subpolar and subtrop-457

ical North Atlantic with a region of enhanced moisture caused by moist advection in between.458

Transient eddy moisture fluxes primarily work to damp these humidity anomalies. In addition, the459

poleward shift of the storm track in the lower atmosphere creates a transient eddy moisture diver-460

gence anomaly that partly offsets the increase in precipitation driven by the mean flow anomalies461

over the northern British Isles and Scandinavia.462

It is worth noting that the patterns and mechanisms of NAO-related moisture budget variability463

are distinctly different from those related to greenhouse gas-driven climate change. Radiatively-464

forced hydroclimate change in the Mediterranean region has been examined by Seager et al.465

(2014). The NAO-related P−E pattern has a quadrople structure with strongest anomalies over466

Europe and the Mediterranean region. In contrast, the modeled and observed climate change pat-467

tern of P−E change is much more zonally uniform (see Seager et al. (2019) for a comparison468

of these). The essential mechanism difference is that under greenhouse gas-induced change the469

atmospheric temperature and specific humidity increase everywhere. This creates a strong ther-470
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modynamic component to hydroclimate change. This works to amplify the existing pattern of471

P−E as moisture convergence increases in ascending regions and moisture divergence increases472

in descending regions. In addition, transient eddy moisture transports also increase which again473

dries subtropical regions and moistens higher latitudes, especially over eastern North America and474

the North Atlantic. However, the dynamical components related to changes in mass convergence475

are similar between the NAO and climate change. For both climate change and a positive NAO,476

descent over southern Europe and the Mediterranean region causes reduced P−E but ascent over477

some regions of northwest Europe causes increased P−E. Despite some commonalities, even478

these dynamical patterns are different because the climate change induced circulation change is479

distinct from that of the NAO. This makes clear that future hydroclimate change in the European-480

Mediterranean cannot be explained using an NAO analogy.481

The work suggests some clear directions for future research. Given the strong influence of482

the NAO on European and Mediterranean winter climate, skillful predictions and projections of483

regional weather, climate variability and climate change requires skilful prediction of the NAO-484

associated components. Hence it is important to assess not just how well models simulate the NAO485

as a circulation phenomenon but also how well they simulate the mechanisms of NAO-associated486

precipitation variability. In particular, it needs to be assessed whether models have the correct487

spatial patterns and amplitudes of the mean flow and transient eddy moisture convergence and488

evaporation/evapotranspiration contributions to NAO-associated precipitation variability. Biases489

in this regard will translate into biases in the NAO-related precipitation variability but, having been490

diagnosed, will identify where efforts at model improvement must be directed. The conclusions491

presented here regarding transient eddies could also be checked using methods that use storm492

tracking and attribute precipitation to storms, as Zappa et al. (2015) have done in the climate493

change context. Of particular interest will be to examine how, in environments where precipitation494
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often occurs within storms (e.g. the Mediterranean), the mean flow interacts with the storms495

such that the precipitation variability is accounted for by the mean flow moisture convergence496

variability.497
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FIG. 1. Patterns of winter (DJFM) 500hPa height (contours) and precipitation (colors) obtained for (top
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Variance in P explained by NAO, DJFM,1979-2017
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FIG. 2. The fraction of variance in winter precipitation explained by the NAO, based on ERA-Interim data.
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Climatologies of V Iq, u′2,v′2, MSLP ,u′q′, v′q′, DJFM 1979-2017
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NAO moisture budget regression, DJFM 1979-2017
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FIG. 4. Terms in the moisture budget regressed onto the NAO index for a) P, b) E, c) P−E, d) convergence
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NAO u′2, v′2, u′q′, v′q′ and V Iq regression, DJFM 1979-2017

a) v′2 250hPa b) v′2 850hPa
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DJFM CPC Unified Precipitation (color) ERA-I 500 mb Z (contour)
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FIG. 6. The observed satellite-gauge precipitation anomaly over land (colors) and 500hPa height (contours)

for the most extreme positive (top left) and negative (top right) winters since 1979. Units are mm/day and

meters. The four panels below show the NAO index, the observed precipitation, and that accounted for by the

NAO, for Glasgow, Bergen, Madrid and Belgrade together with the correlation coefficients between the NAO

and observed precipitation. The NAO is in standardized units and the precipitation in mm/day.
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Extreme positive NAO, DJFM 1988-1989

P P from NAO regression r=0.7714
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FIG. 7. The Reanalysis P, E and P−E anomalies for the extreme positive NAO winter of 1988/89 (left

column) and the component attributable the NAO anomaly (right column). Area-weighted spatial pattern cor-

relation coefficients between observed and NAO-attributed patterns are shown above right panels. Units are

mm/day.
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Extreme positive NAO, DJFM 1988-1989
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FIG. 8. The reanalysis mean flow (top) and transient eddy (bottom) moisture convergence anomalies for Re-

analysis (left) and the component attributed to the NAO (right) for the extreme positive NAO winter of 1988/89.
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Extreme negative NAO event, DJFM 2009-2010

P P from NAO regression r=0.8074
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FIG. 9. Same as Figure 7 but for the extreme negative NAO winter of 2009/10.
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Extreme negative NAO, DJFM 2009-2010
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Observed from NAO regression r=0.7622
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FIG. 10. Same as Figure 8 but for the extreme negative NAO winter of 2009/10.
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