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ABSTRACT
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Extreme precipitation associated with extratropical cyclones can lead to

flooding if cyclones track over land. However, the dynamical mechanisms

by which moist air is transported into cyclones is poorly understood. In this

paper we analyse airflows within a climatology of cyclones in order to under-

stand how cyclones redistribute moisture stored in the atmosphere. This anal-

ysis shows that within a cyclones’ warm sector the cyclone-relative airflow

is rearwards relative to the cyclone propagation direction. This low-level air-

flow (termed the feeder airstream) slows down when it reaches the cold front

resulting in moisture flux convergence and the formation of a band of high

moisture content. One branch of the feeder airstream turns towards the cy-

clone centre supplying moisture to the base of the warm conveyor belt where

it ascends and precipitation forms. The other branch turns away from the

cyclone centre exporting moisture from the cyclone. As the cyclone travels,

this export results in a filament of high moisture content marking the track

of the cyclone (often used to identify atmospheric rivers). We find that both

cyclone precipitation and water vapour transport increase when moisture in

the feeder airstream increases, thus explaining the link between atmospheric

rivers and the precipitation associated with warm conveyor belt ascent. At-

mospheric moisture budgets calculated as cyclones pass over fixed domains

relative to the cyclone tracks, show that continuous evaporation of moisture in

the pre-cyclone environment moistens the feeder airstream. Evaporation be-

hind the cold front acts to moisten the atmosphere in the wake of the cyclone

passage, potentially preconditioning the environment for subsequent cyclone

development.
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1. Introduction35

Intense extratropical cyclones are a major weather hazard in the mid-latitudes. They can cause36

huge economic loses due to heavy precipitation and flooding (e.g. Pfahl and Wernli (2012), Catto37

and Pfahl (2013)). A good understanding of the physical processes that determine the persistence38

of precipitation features is important for predicting precipitation totals and assessing the risk of39

subsequent flooding. The aim of this paper is to determine how moisture is redistributed by cyclone40

airflows into regions of convergence and ascent and thus to illustrate the relationship between41

warm conveyor belts and atmospheric rivers.42

There is some debate in the literature regarding the relationship between warm conveyor belts43

and atmospheric rivers. To avoid confusion in this paper, we first clarify what we understand by44

these terms. An atmospheric river is a long, narrow, and transient corridor of strong horizon-45

tal water vapor transport (Ralph et al. 2017). They are identified using a threshold of vertically46

Integrated Vapour Transport (IVT) and are typically located ahead of the cold front in extratrop-47

ical cyclones, where both the specific humidity and horizontal wind speeds are relatively large48

throughout the depth of the lower-troposphere. A warm conveyor belt is a cyclone-relative airflow49

that ascends from within the boundary layer to the upper troposphere along a vertically sloping50

isentropic surface (Carlson 1980). Since, in the absence of non-conservative forces, air parcels51

travel along isentropic surfaces, Harrold (1973), Browning and Roberts (1994) and others identify52

the warm conveyor belt airflow using cyclone-relative streamlines on a warm wet-bulb potential53

temperature surface. Cyclone-relative isentropic streamlines are lines tangential to the instanta-54

neous cyclone-relative velocity of air parcels at every point on an isentropic surface. At low-levels55

these streamlines are typically located ahead of the cold front, in the warm sector of an extrat-56

ropical cyclone. The warm conveyor belt airstream then ascends from the top of the boundary57
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layer to the upper-troposphere along the vertically sloping isentropic surface. Cyclone-relative58

isentropic streamlines can also be used to represent trajectories, assuming that the vertical veloc-59

ity of the isentropic surface is small. Therefore Wernli (1997), Madonna et al. (2014) and others60

alternatively define the warm conveyor belt as a set of trajectories that meet a criterion based on61

net ascent (for example, a pressure decrease exceeding 600 hPa in the vicinity of cyclones).62

Unlike an atmospheric river, a warm conveyor belt is not an Earth-relative airflow but a cyclone-63

relative airflow. I.e. warm conveyor belts are defined in a frame of reference that moves with the64

cyclone. This makes it difficult to define the relationship between atmospheric rivers and warm65

conveyor belts. Spatial overlap between atmospheric rivers and warm conveyor belt features often66

exists (Knippertz et al. 2018). However, it is also possible for atmospheric rivers to exist without67

the presence of cyclone airflows because an atmospheric river can remain quasi-stationary whilst68

the cyclone airflows travel with the poleward propagating cyclone. It is also possible for new69

cyclones to form in the presence of a pre-existing atmospheric river, at which time the atmospheric70

river can be enhanced by the new cyclone airflows. In the literature it is often stated that the moist71

air in an atmospheric river feeds directly into the warm conveyor belt airstream (Ralph et al. 2004,72

Neiman et al. 2008). However, this can only occur if the cyclone propagation velocity is equal73

to or slower than the pre-cold front wind velocities, which is often not the case for developing74

cyclones.75

Dacre et al. (2015) analysed 200 North Atlantic cyclones and their associated moisture budgets76

in a cyclone-relative frame of reference. They showed that moisture flux convergence along the77

cold front was due to the cold front sweeping up moisture in the cyclones’ warm sector. Since the78

cyclone typically propagates faster than the background flow field during the cyclones developing79

stage (Hoskins and Hodges 2002), this moisture can actually be transported away from the cyclone80

centre. They hypothesised that this export results in filaments of high Total Column Water Vapour81
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(TCWV) being left behind as cyclones travel polewards from the subtropics, thus atmospheric82

rivers represent the footprint of a cyclone’s path. In this paper we test this hypothesis by quantita-83

tively evaluating the relationship between extratropical cyclone precipitation, integrated moisture84

transport (IVT) and background moisture fields.85

The degree to which surface fluxes affect cyclone evolution and precipitation is likely to depend86

on the location and timing of these fluxes relative to the cyclone passage. For example, Vannière87

et al. (2017) showed that low-level temperature gradients in the atmosphere are restored rapidly88

by the strong surface fluxes in the cold sector of cyclones. Reed and Albright (1986) also hypothe-89

sized that large moisture fluxes in the pre-cyclone environment could precondition the near-surface90

environment and lead to explosive deepening of cyclones. In idealised baroclinic lifecycle exper-91

iments, Boutle et al. (2011) showed that moisture evaporated from the sea surface ahead of their92

cyclones was transported within the boundary layer, supplying moisture to the base of the warm93

conveyor belt airflow. This rearward travelling airflow is consistent with that described in Houze Jr94

et al. (1976), Hoskins and West (1979), Carlson (1980), Mcbean and Stewart (1991) and Brown-95

ing and Roberts (1994) who found that the moist low-level inflow originates in relatively easterly96

flow at low latitudes with air turning northward to flow approximately parallel to the cold front. In97

this paper we will re-examine this low-level cyclone airflow and establish its relationship to local98

surface fluxes in order to determine the contribution of local moisture sources to the poleward99

transport of moisture.100
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2. Method101

a. Cyclone identification and compositing102

Following Dacre et al. (2012) we identify and track the position of the 200 most intense cy-103

clones in 35 years of the ERA-Interim dataset (1979-2014) using the tracking algorithm of Hodges104

(1995). Tracks are identified using 6-hourly 850 hPa relative vorticity, truncated to T42 resolution105

to emphasize the synoptic scales. The 850 hPa relative vorticity features are filtered to remove106

stationary or short-lived features that are not associated with extratropical cyclones. The 200 most107

intense, in terms of the T42 vorticity, winter cyclone tracks with maximum intensity in the North108

Atlantic (70◦−10◦ W, 30◦−90◦ N) are used in this study. The required fields are extracted from109

the ERA-Interim dataset along the tracks of the selected cyclones within a 15◦ radius surrounding110

the cyclone centre. For example, figure 1(a) shows the 925 hPa wind velocity field for a randomly111

chosen cyclone. The cyclone-relative wind velocity field for this cyclone at this time is calcu-112

lated by subtracting the cyclone propagation velocity from the Earth-relative wind, as shown in113

figure 1(b). Following Catto et al. (2010), the fields are rotated according to the direction of travel114

of each cyclone such that the direction of travel becomes the same for all cyclones (figure 1(c)).115

The composites are produced by identifying the required offset time relative to the time of max-116

imum intensity of each cyclone and the corresponding fields on the radial grid averaged over all117

cyclones. For the remainder of this paper the time of maximum intensity is denoted max, and118

times 24 and 48 hours prior to maximum intensity are denoted max -24 and max -48 respectively.119

Since the cyclones have quite different propagation directions, performing the rotation ensures that120

mesoscale features such as warm and cold fronts are approximately aligned and so not smoothed121

out by the compositing. As this method assumes that the cyclones all intensify and decay at the122

same rate only the 200 most intense cyclones are included in the composite. Limiting the number123
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of cyclones produces a more homogeneous group in terms of their evolution but will bias the mean124

fields to be typical of the most intense cyclones.125

b. Sensitivity to moisture sources126

The extent to which the background moisture contributes to the cyclone’s precipitation and do-127

main integrated IVT totals is quantified by calculating the sensitivity of a cyclone’s domain in-128

tegrated total precipitation (TP) and IVT at a given time to the 10-day bandpass filtered TCWV129

field 24 hours earlier (hereafter background TCWV). The filtered TCWV field represents the back-130

ground moisture availability rather than the moisture field influenced by the presence of the cy-131

clone itself. The sensitivity is calculated at all grid points within 15◦ of the cyclone centre yielding132

two-dimensional sensitivity maps. Following the ensemble sensitivity method of Garcies and133

Homar (2009) and Dacre and Gray (2013) a linear regression is calculated at each spatial grid134

point (i, j), between the values of the response function Ji j (here we use TP or IVT) and the differ-135

ence, x, of the precursor field (here we use background TCWV) from its mean value over all 200136

cyclones. This yields a regression coefficient for the slope, mi j given by137

mi j =

(
∂J
∂x

)
i j

(1)

The linear regression uses normalised TCWV, TP and IVT (calculated by subtracting the mean138

and dividing by the standard deviation), which gives a dimensionless slope. This slope, mi j, is139

multiplied by the standard deviation, σi j, of the background TCWV field at each grid point to give140

the sensitivity, Si j.141

Si j = mi, jσi j (2)

Multiplication of the regression coefficient by the standard deviation means that the units of Si j142

are the same as those of TP (kg m−2) and IVT (kg m−1 s−1) respectively. The resulting sensitivity143
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at a grid point can then be interpreted as the change in TP or IVT associated with a one standard144

deviation increase in the background TCWV field at that grid point. Here TP and IVT are described145

as being sensitive to the background TCWV, but note that mathematically only an association is146

found and the inference of sensitivity relies on a postulated dynamical mechanism.147

We use the false detection rate (FDR) method proposed by Wilks (2016) to test for statistical148

significance. The method limits the number of false null hypothesis rejections in an ensemble149

of statistical significance tests by reducing the critical p-value used to reject an individual null150

hypothesis (see Wilks 2016, for a validation of this method). The method determines the new151

critical p-value (pFDR) by first placing all p-values in ascending order and then setting pFDR to152

the largest p-value that satisfies the inequality pn ≤ nα/N, where α , which is set to 0.1 in this153

study, is the statistical significance level, pn is the nth smallest p-value, and N is the total number154

of hypothesis tests. Note that pFDR = α when n = N, hence pFDR reduces to pα for a single155

hypothesis test. All p-values less that pFDR are considered to be statistically significant and are156

stippled in white.157

c. Eulerian moisture budgets158

In order to quantify the importance of local surface moisture fluxes to the poleward transport159

of moisture we calculate Eulerian moisture budgets for 4 days in fixed domains as the cyclones160

pass overhead. The domains correspond to positions along to the cyclone tracks. For example,161

for a given cyclone position at max -48, the budget is calculated in a fixed domain of 15◦ radius162

centred at that position. The budget timeseries is centred on the time that the cyclone centre is163

coincident with the centre of the fixed domain, thus allowing us to evaluate changes in the budget164

as cyclones pass overhead. The budgets for all cyclones are then composited at different stages of165

the cyclone evolution. This is important as the balance of terms in the cyclone-relative moisture166
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budgets evolve as the cyclones develop (Dacre et al. 2015). Note that the cyclones will evolve as167

they travel across the fixed domains.168

Figure 2 shows the fluxes of moisture into/out of the domain. We define Fin as the flux of mois-169

ture into the domain and Fout as the flux of moisture out of the domain. Therefore, Fin > Fout170

implies convergence of moisture flux into the domain and Fin < Fout implies divergence of mois-171

ture out of the domain. The vertical flux of moisture into the domain from the surface, evaporation172

E, is split into two components; one component of the evaporation, Pm, is converted into local173

precipitation and the other component of the evaporation, Ea, contributes to the flux of moisture174

through the domain. Thus, the vertical flux of moisture out of the domain at the surface, precip-175

itation P, also consists of two components: Pm, which as explained above comes from moisture176

evaporated locally, and Pa, which comes from the moisture flux into the domain. The method used177

to calculate the flux components of E and P are described in the Appendix.178

We can define the effective flux of moisture through the domain, Fa, as179

Fa = Fin +Ea−Pa, (3)

and the change in the domain moisture content, ∆, as180

∆ = Fa−Fout . (4)

When the total moisture flux through the domain exceeds the flux of moisture out of the domain,181

Fa > Fout , moisture is stored within the domain. Conversely when Fa < Fout , moisture is trans-182

ported out of the domain. Integrating ∆ over an 82 hour window (the typical time taken for cy-183

clones to pass through the domain), allows us to determine whether cyclones act to dry or moisten184

the local environment, where local is defined as being within 1500 km of the cyclone centre.185

We define the precipitation efficiency as the fraction of the moisture flux into the domain that186

is removed via precipitation (Pa/Fin). The precipitation efficiency provides an indication of how187
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quickly the cyclone would ‘dry out’ if there were no local sources of moisture. The moistening ef-188

ficiency (Ea/Fin) provides information about the relative importance of local versus long-distance189

sources of moisture,190

3. Results191

a. Cyclone composites192

To describe the basic structure and evolution of the 200 cyclones studied, we first compute193

horizontal and vertical composites of cyclone structure during their developing phase. In each194

composite field the cyclones are located at the centre of the 15◦ radial grid and the cyclones are195

rotated so that they all travel from left to right.196

Figure 3(a) shows composite cyclone-centred fields at max -48. At this early stage in the cy-197

clones development the cyclones typically exhibit an open wave structure in the 925 hPa equiva-198

lent potential temperature. High values of TCWV (> 20 kg m−2) are confined between the surface199

cold and warm fronts. Maximum precipitation occurs ahead of the cyclone centre above the warm200

front. Figure 3(b) shows a circular cross-section taken 5.5◦ from the cyclone centre (anticlockwise201

around the arrow in figure 3(a)). Moist air (> 80% relative humidity) ascends along the sloping202

isentropic surfaces of the warm front with maximum vertical velocities typically occurring be-203

tween 700-500 hPa. Near the surface, the cyclone-relative wind fields produce convergence ahead204

of the surface cold front.205

Figure 3(c) and (d) show composite cyclone-centred fields at max -24. In this rapidly intensify-206

ing stage of development the 925 hPa equivalent potential temperature wave has amplified and the207

warm sector area has decreased. The highest values of TCWV are now found in a band ahead of208

the surface cold front. Maximum precipitation has approximately doubled compared to 24 hours209
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earlier and there is a region of maximum evaporation located in the cold air behind the surface210

cold front. At 925 hPa the cyclone-relative wind fields produce increased convergence at the cold211

front, compared to 24 hours earlier, leading to the accumulation of moisture and the formation of212

the band of high TCWV (often used as a proxy for identifying atmospheric rivers).213

Figure 3(e) and (f) show composite cyclone-centred fields at max. By this mature stage of de-214

velopment the 925 hPa equivalent potential temperature frontal gradients have started to weaken215

and the accumulated precipitation has decreased. The 925 hPa cyclone-relative wind field conver-216

gence at the cold front occurs further from the cyclone centre due to frontal fracture and the band217

of TCWV has also decreased in magnitude.218

To illustrate the 3D structure of airflows within extratropical cyclones, cyclone-relative isen-219

tropic analysis has been performed for each cyclone. Figures 4(a) and (c) show composite specific220

humidity and cyclone-relative flow along the 285 K isentropic surface at max -48 and max -24221

respectively and figures 4(e) shows composite cyclone-relative specific humidity and flow along222

the 275 K isentropic surface at max. A cooler isentropic surface is shown at max to illustrate the223

boundary layer flow, since typically the cyclones have propagated further north by their mature224

stage of development. Figures 4(a), (c) and (e) show that within the warm sector the cyclone-225

relative airflow is easterly, at constant pressure (1000− 900 hPa) and relatively moist (specific226

humidity > 5g/kg). At the cold front, the low-level flow diverges with one branch travelling away227

from the cyclone centre parallel to the cold front, and another branch travelling towards the cyclone228

centre. This is consistent with the 925 hPa cyclone-relative winds shown in figures 3(a), (c) and229

(e). This low-level cyclone airflow (referred to in this paper as the feeder airstream) is responsible230

for supplying moist air to the base of the warm conveyor belt where it then ascends, condenses231

into cloud and forms precipitation. The feeder airstream is also responsible for the formation of232

filaments of high TCWV seen extending along the cyclone’s cold front and for exporting moisture233
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from the cyclone. The branch of the feeder airstream travelling away from the cyclone centre is234

weaker at max compared to the developing stages of cyclone evolution as the cyclones begin to235

slow down as they reach their mature stage. To the west of the cyclone centre a relatively dry236

(specific humidity < 3g/kg), descending cyclone airflow also diverges when it reaches the cold237

front with the strongest branch turning clockwise away from the cyclone centre. At low-levels238

during the cyclone’s developing phase the dry intrusion airflow and the feeder airstream form a239

deformation pattern which acts to strengthen the frontal temperature gradient.240

Figures 4(b) and (d) show the composite specific humidity and cyclone-relative flow along the241

300 K isentropic surface at max -48 and max -24 respectively and figure 4(f) shows the composite242

specific humidity and cyclone-relative flow along the 285 K isentropic surface at max.To the south243

of the cyclone centre, this surface is located at approximately 800 hPa sloping up to 400 hPa to the244

north of the cyclone. To the east of the cyclone centre air ascends along this sloped surface rising245

to 400 hPa. The strength of this ascending cyclone airflow increases as the cyclone intensifies.246

This cyclone airflow, the warm conveyor belt, is responsible for transporting warm moist air from247

the boundary layer to the upper-troposphere. A compensating descending cyclone airflow occurs248

to the west of the cyclone centre. This cyclone airflow, the dry intrusion, transports dry air from249

the upper-troposphere to the lower-troposphere.250

Despite the inherent smoothing associated with the compositing methodology, coherent251

airstreams have been identified in the composites. In this cyclone-relative framework, it is found252

that as the cyclone propagates through the background moisture field, accumulation of moisture253

occurring along the cold front is largely responsible for creating the band of high TCWV. The254

extent to which the background moisture contributes to the cyclone’s domain integrated TP and255

IVT is the focus of the next section.256
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b. Sensitivity to background moisture257

In this section we investigate the sensitivity of cyclone’s TP and IVT to the background TCWV258

field 24 hours earlier by performing lagged linear regression. Figures 5(a) and (c) show the com-259

posite background TCWV at max -48 for 117 cyclones. This is a subset of the total 200 cyclones,260

since only 117 cyclones have a track that extends 48 hours back from their time of maximum in-261

tensity. The composite background TCWV field shows a meridional gradient of TCWV with high262

values (> 17 kg m−2) to the south and low values (< 8 kg m−2) to the north. The orientation of263

the contours is fairly zonal as typically the cyclone propagate eastwards during this early stage in264

their development and the cyclones are developing in a region where the climatological TCWV265

contours are also zonal (not shown). Figures 5(b) and (d) show the background TCWV at max266

-24 for the 181 cyclones that have a track that extends 24 hours back from their time of maximum267

intensity. The meridional gradient is similar to that 24 hours earlier, but the orientation of the268

contours is not as zonal as typically the cyclones propagate in a more north-eastward direction269

as they reach their mature stage, and the cyclones are typically developing in a region where the270

climatological TCWV contours are tilted southwest-northeast.271

Figure 5(a) also shows the sensitivity of TP at max -24 to the background TCWV field 24272

hours earlier. The maximum sensitivities are found to the right of the cyclone centre (in the273

pre-cyclone environment). The sensitivity is such that enhanced background TCWV in this pre-274

cyclone region is associated with cyclones that precipitate more 24 hours later. An increase of275

one standard deviation in background TCWV leads to an increase in total precipitation of up to276

0.75 kg m−2 (approximately 12% increase in the mean TP). Therefore cyclones that propagate277

into regions with higher TCWV are more likely to produce more precipitation than cyclones that278

propagate into dry regions. Figure 5(b) shows the sensitivity of TP at max to the background279
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TCWV field at max -24. As for the developing cyclones, the maximum sensitivity is found in the280

pre-cyclone environment suggesting that cyclones’ precipitation is controlled by the background281

moisture content downstream not upstream. At this mature stage of their evolution however, the282

sensitivity is weaker and located further from the cyclone centre. This is likely due to the fact that283

both the TP and feeder airstream windspeeds reduce between max -24 and max (figures 4(c) and284

(e) respectively).285

Comparing Figures 5(a) and (b) with the composite cyclone-relative flow fields at max -48 and286

max -24 respectively (figures 3(a) and (c)) the region of maximum sensitivity is located in a re-287

gion where the 925 hPa cyclone-relative winds are easterly and approximately 15-20 m s−1. Thus,288

assuming a constant cyclone propagation velocity, it will take approximately 21-28 hours for the289

centre of the cyclone to reach the region of maximum sensitivity, i.e. the background moisture in290

the pre-cyclone environment is swept up by the propagating cyclone and converted into precipita-291

tion due to rapid ascent in the warm conveyor belt. Since the cyclone-relative flow into the cyclone292

centre at low-levels is from the pre-cyclone environment we conclude that the moisture advected293

into the region from tropical/subtropical latitudes does not play an important role in the formation294

of high TP. Of course, we have only examined very intense, oceanic cyclones and this conclusion295

will be tested for other sub-sets of cyclones as part of future work.296

Figure 5(c) shows the sensitivity of domain integrated IVT at max -24 to the background TCWV297

field 24 hours earlier. Significant sensitivities are again found in the warm sector region of the298

cyclone, with maximum sensitivity in the bottom-right quadrant (similar to the TP sensitivity299

maximum (figure 5(a)). Thus enhanced background TCWV in the pre-cyclone region is associated300

with cyclones with higher IVT 24 hours later. An increase of one standard deviation in background301

TCWV leads to an increase in total precipitation of up to 150 kg m−1s−1 (approximately 20%302

increase in the mean domain integrated IVT). Therefore cyclones that propagate into regions with303
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higher TCWV are more likely to have stronger IVT. There is also some significant sensitivity to304

background TCWV in the post-cyclone environment (bottom-left quadrant). This sensitivity is305

approximately one third as large as that in the pre-cyclone environment and is likely to be due306

to high spatial correlations in the TCWV field since the composite mean winds in this region are307

directed away from the cyclone centre.308

Finally, figure 5(d) shows the sensitivity of domain integrated IVT at max to the background309

TCWV field at max -24. At this mature stage of the cyclones’ evolution, the sensitivity is located310

downstream from the cyclone centre only. This is likely to be due to the fact that the structure of the311

cyclone evolves between max -24 and max. Many of the cyclones undergo frontal fracture, with312

the cold front moving away from the cyclone centre, perpendicular to the warm front (figure 3(e)).313

Since the region of sensitivity is likely to be bounded by the cold front (i.e. air does not travel314

across the frontal boundary), this results in a region of sensitivity that is confined to the bottom-315

right quadrant of the domain at max, but which can extend into the bottom-left quadrant at max316

-24. We do not have a proposed dynamical explanation for high sensitivity in this region since317

they are not consistent with the magnitude and direction of the isentropic moisture fluxes shown318

in figure 4. Regions of statistically significant sensitivities exist outside the area shown. However,319

it is likely that these occur due to high spatialshown in figure 4. correlations in the background320

TCWV field.321

In summary, maximum sensitivity values are found in the pre-cyclone environment for both TP322

and IVT and during the developing and mature phases of cyclone evolution. This suggests that323

the same mechanism is responsible for creating cyclones with higher TP and IVT. We combine324

this statistically sensitivity with our composite analysis of cyclones to infer that the magnitude325

of TCWV at the entrance of the feeder airstream is important for determining TP and IVT at a326

later stage in the cyclone evolution. This relationship occurs because the background moisture in327
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the pre-cyclone environment is swept up by the propagating cyclone and is either converted into328

precipitation in the warm conveyor belt or converged into a band of high TCWV and left behind329

as the cyclone propagates polewards.330

c. Eulerian moisture budgets331

In this section we aim to quantify the relative contributions of horizontal and surface moisture332

fluxes to the overall moisture transport by the cyclones.333

Figure 6(a) shows the composite Eulerian moisture fluxes for 109 cyclones as they travel across334

the domains corresponding to their positions at max -48. This is a subset of the 117 cyclones335

shown Figures 5(a) and (c) since cyclones tracks must extend a further 6 hours forwards and back-336

wards in time. Prior to the cyclones entering the domain (-42 to -36 hours) convergence into the337

domain is negligible (Fin ' Fout) and the local rate of change of moisture in the domain is also neg-338

ligible (Fa ' Fout) since evaporation Ea and precipitation Pa are approximately balanced. As the339

cyclones enter the domain (-30 hours to 0 hours) moisture flux convergence is positive (Fin > Fout)340

due to horizontal flux of moisture into the domain by the propagating cyclone. However the rate341

of change of moisture in the domain is smaller than the total due to moisture flux convergence342

because much of the moisture transported into the domain is removed via precipitation. For ex-343

ample, at -12 hours, on average 50% of the horizontal moisture transported into the domain is344

removed via precipitation (Pa/Fin ≈ 0.5, figure 6(b)). This loss of moisture is offset by local evap-345

oration (Ea/Fin ≈ 0.3) ensuring that the cyclones do not ‘dry out’ quickly. As the cyclone exits the346

domain (+6 to +30 hours), moisture flux convergence is negative (Fin < Fout). At the same time,347

evaporation in the domain increases, largely due to enhanced evaporation behind the cyclone cold348

front (figure 3(c)). At +24 hours, the average moistening efficiency (70%) exceeds the precipita-349

tion efficiency (45%)(figure 6(b)), although it should be noted that the variability in moistening350
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efficiency between cyclones is large at this point. This moisture is transported out of the domain351

and moistens the atmosphere in the wake of the cyclone, potentially preconditioning it for subse-352

quent cyclone development. Over the entire cyclone passage the moisture transported away from353

the local environment is on average -13 Pg (where 1 Pg = 1×1015g), calculated by integrating ∆354

over an 82 hour window. Thus, in the early stage of the cyclone development the cyclone can be355

said to ’store’ moisture that is evaporated locally and transport it polewards as it travels. Within356

the boundary layer this transport is slower than the cyclone propagation velocity (figure 4(a)) so357

whilst the moisture transport remains poleward, relative to the cyclone centre it is left behind.358

Figure 6(c) shows the composite Eulerian moisture fluxes for 147 cyclones as they travel across359

the domains corresponding to their positions at max -24. This is a subset of the 181 cyclones shown360

Figures 5(b) and (d) since cyclones tracks must extend a further 6 hours forwards and backwards361

in time. As the cyclones enter the domain (-36 to 0 hours) the moisture flux convergence is positive362

(Fin > Fout). The moisture flux convergence is greater than 24 hours earlier due to the increased363

moisture stored within the cyclones themselves. On average between 45−60% of this moisture is364

lost via precipitation (figure 6(d)). This loss is offset by local evaporation (moistening efficiency365

≈ 30%). Thus, there is a continuous cycle of evaporation and moisture flux convergence in the366

vicinity of cyclones which acts to replenish the water vapour lost via precipitation. The resulting367

moisture is stored within the domain (Fa > Fout). As the cyclones leave the domain the situation is368

reversed. Moisture is transported out of the domain and transported polewards by the propagating369

cyclone. The moisture transported away from the local environment is on average -11 Pg, thus the370

cyclone continues to pull in moisture from the local environment and transport it polewards.371

Figure 6(e) shows the Eulerian horizontal moisture fluxes for 175 cyclones as they travel across372

the domains corresponding to their positions at max. Unlike the early and intensifying stages of373

cyclone lifecycle, the precipitation and evaporation fluxes (Ea and Pa) do not balance initially. The374
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precipitation efficiency is on average > 60% at -42 hours whereas the moistening efficiency is on375

average < 40%. At this mature stage of the cyclone development the evaporation in the domain376

is not large enough to replenish the moisture lost via precipitation and as a result the cyclones377

rapidly dry out. Thus the moisture diverging out of the domain is significantly smaller than that378

entering the domain for almost the entire time period. The moisture transported away from the379

local environment is smaller than during the developing and intensifying stages of the cyclone380

lifecycle (-1 Pg). Therefore, in the mature stage of the cyclone development the cyclone ‘empties’381

of moisture and the poleward transport of moisture decreases as the cyclone begins to decay.382

In summary, since precipitation and moistening efficiencies are non-zero we can conclude that,383

even if Fin = Fout , the same moisture that enters the domain does not leave the domain. I.e. mois-384

ture lost via precipitation is replenished by a combination of local evaporation and moisture from385

the local environment (where local is within 1500 km of the cyclone centre). As a result the local386

environment is drier following the passage of a cyclone during its developing and mature stages.387

The contribution of local evaporation to the horizontal moisture flux is calculated using Ea/Fin av-388

eraged over the developing stages of cyclone evolution (max -48 and max-24). Between -42 and 0389

hours local evaporation contributes approximately 30% to the horizontal moisture flux, providing a390

continuous source of moisture to the feeder airstream airflow in the pre-cyclone environment. Be-391

tween 0 and +42 hours local evaporation contributes approximately 70% to the horizontal moisture392

flux in the post-cyclone environment (although the variability between cyclones is large), poten-393

tially preconditioning it for subsequent cyclone development.394

4. Discussion and conclusions395

Figure 7 shows a schematic of the cyclone-relative airflows and their relation to Eulerian features396

such as the surface fronts and regions of high precipitation and TCWV. The feeder airstream is a397
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low-level flow of moist air that travels rearwards, relative to the cyclone propagation direction. At398

the cold front the feeder airstream velocity decreases resulting in accumulation of moisture and the399

formation of a band of high TCWV. One branch of the feeder airstream turns towards the cyclone400

centre. This branch is responsible for transporting moist air to the base of the warm conveyor belt401

where it then rises up over the warm front, leading to cloud and precipitation formation. This flow402

is consistent with that described in Houze Jr et al. (1976), Carlson (1980), Mcbean and Stewart403

(1991) and Browning and Roberts (1994) who found that moist low-level cyclone inflow originates404

in relatively easterly flow at low latitudes with air turning northward to flow approximately parallel405

to the cold front. The sensitivity analysis has shown that cyclone precipitation totals at a given time406

are sensitive to the moisture content at the entrance to the feeder airstream 24 hours earlier, i.e. the407

more moisture that is transported to the base of the warm conveyor belt by the feeder airstream,408

the higher the cyclone’s precipitation. The lower branch of the feeder airstream turns away from409

the cyclone centre and travels parallel to the cold front. At low levels, wind speeds are slower410

than the propagation velocity of the cyclone, which travels with a velocity at the steering level411

(≈ 700 hPa) resulting in the export of moisture from the cyclone. The moisture in this branch of412

the feeder airstream is left behind by the poleward travelling cyclone and, over time, results in413

a long filament of high TCWV marking the track of the cyclone (or cyclone footprint). This is414

consistent with the trajectory analysis shown in Hoskins and West (1979). The sensitivity analysis415

has also shown that cyclone IVT totals at a given time are also sensitive to the moisture content at416

the entrance to the feeder airstream 24 hours earlier, i.e. the more moisture that is swept up by the417

cold front as it travels polewards through the atmosphere, the stronger the atmospheric river. Thus,418

the feeder airstream cyclone airflow explains the link between flooding and atmospheric rivers419

observed by Ralph et al. (2006), Lavers et al. (2011), Lavers et al. (2012) and others. Evaporation420

in the pre-cyclone environment ensures that there is a continuous reservoir of moisture available421
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to the feeder airstream allowing both persistent precipitation features and continuous filaments of422

high TCWV (atmospheric rivers) to form.423

Behind the cyclone a dry airflow, known as the dry intrusion, descends from mid and upper-424

levels towards the surface cold front. At the cold front it is forced to diverge and flow both towards425

and away from the cyclone centre parallel to the cold front. Moisture evaporated from the surface426

behind the cold front due to cold dry air transported over a warm moist surface is largely exported427

from the cyclone although some moisture can be transported into the centre of the cyclone during428

the mature stage of cyclone evolution at mid-levels where it contributes to precipitation formation.429

The moisture evaporated behind the cold front acts to moisten the atmosphere in the wake of the430

cyclone passage. This, in combination with the feeder airstream, potentially helps to precondition431

the environment for subsequent cyclone development.432
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APPENDIX443

Calculation of horizontal fluxes444
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The average horizontal flux through the domain F =
∫
Q · n̂dl, where Q is the domain-averaged445

vertically integrated vapour transport (IVT) and n̂ is a unit vector normal to the domain’s hori-446

zontal projection’s circumference. The integral is computed over half of this circumference to find447

F = 2rQ, where Q is the magnitude of Q and r is the domain’s radius. Following Trenberth (1999)448

(See also Brubaker et al. 1993),449

F =
1
2
(Fin +Fout). (A1)

Furthermore, the domain-integrated moisture flux convergence C =Fin−Fout. Thus, Fin =F+C/2450

and Fout = F−C/2.451

The change in the domain’s moisture content ∆ is given by452

∆ = Fin−Fout +E−P. (A2)

We assume that precipitation can be split into two parts, one due to moisture flux into the domain453

Pa, and another due to local evaporation converted into precipitation Pm, i.e.454

P = Pa +Pm. (A3)

Using (A2) and (A3) to rewrite (A1), we get455

F = Fin +
1
2
(E−Pm−Pa)−

1
2

∆, (A4)

which can also be split into two parts, one due to the moisture flux into the domain Qa = Fin−456

1
2Pa− 1

2∆, and another due to evaporated moisture Qm = 1
2(E −Pm). Following Brubaker et al.457

(1993) and Trenberth (1999), we assume that the ratio Pa/Pm is equal to the ratio Qa/Qm, from458

which we find that459

Pa

Pm
=

2Fin−∆

E
. (A5)

Using (A4) and (A5) in (A3) yields460

Pm = P
(

E
2F +P

)
. (A6)
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FIG. 1. Cyclone-centred 925 hPa wind speed for an individual cyclone, overlaid with wind vectors. (a) Earth-

relative wind, (b) cyclone-relative wind, (c) rotated cyclone-relative wind. The cyclone propagation velocity is

shown in (a). The cyclone propagation direction before and after rotation is shown in (b) and (c) respectively.
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FIG. 2. Schematic of horizontal and vertical moisture fluxes into and out of a fixed cylindrical domain (adapted

from Brubaker et al. (1993), their figure 1). Fin is the flux of moisture into the domain and Fout is the flux of

moisture out of the domain. The vertical flux of moisture into the domain from the surface, evaporation E, is

split into two components; one component of the evaporation, Pm, is converted into local precipitation and the

other component of the evaporation, Ea, contributes to the flux of moisture through the domain. The vertical

flux of moisture out of the domain at the surface, precipitation P, consists of two components; one component

of the precipitation, Pm, comes from moisture evaporated locally, and the other component of the precipitation,

Pa, comes from moisture transported into the domain. ∆ is the change in the domain moisture content.
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FIG. 3. Composite cyclone-centred fields at (a,b) max -48, (c,d) max -24, (e,f) max. (a,c,e) 6-hourly accu-

mulated precipitation (blue contours every 1.5 mm), 6-hourly accumulated evaporation (orange contours every

1.5 mm), TCWV (filled contours at 16, 20, 24 kg m−2), 925 hPa equivalent potential temperature (black dashed

contours at 290, 300, 310 K) and 925 hPa cyclone-relative wind vectors. Grey arrows show the location of the

360◦ vertical cross-sections shown in (b,d,f), 5.5◦ from the cyclone centre. (b,d,f) Equivalent potential tempera-

ture (black dashed contours), omega (black solid contours at -1.5, -3.0, -4.5 hPa s−1) and relative humidity (blue

dotted contours at 80, 90%).
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FIG. 4. Composite cyclone-centred fields at (a,b) max -48, (c,d) max -24 and (e,f) max. (a,c,f) pressure

in hPa (contours), specific humidity (filled contours) and cyclone-relative flow (arrows) on the 285 K potential

temperature surface. (e) pressure, specific humidity and cyclone-relative flow on the 275 K potential temperature

surface. (b,d) pressure, specific humidity and cyclone-relative flow on the 300 K potential temperature surface.
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FIG. 5. Cyclone sensitivity fields (shaded, stippling denotes statistically significant sensitivities), overlaid

with composite background TCWV (gray contours). (a) Sensitivity of TP at max -24 to the background TCWV

at max -48. (b) Sensitivity of TP at max to the background TCWV at max -24. A sensitivity value of 0.5 kg m−2

signifies that for one standard deviation increase in the background TCWV there is a corresponding increase in

TP of 0.5 kg m−2. (c) Sensitivity of domain integrated IVT at max -24 to the background TCWV at max -48. (d)

Sensitivity of domain integrated IVT at max to the background TCWV at max -24. A sensitivity value of 100

kg m−1s−1 signifies that for one standard deviation increase in the background TCWV there is a corresponding

increase in total IVT of 100 kg m−1s−1.
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FIG. 6. (a,c,e) Horizontal fluxes and (b,d,f) precipitation efficiency (Pa/Fin) and moistening efficiency (Ea/Fin)

over domains corresponding to cyclone positions at (a,b) max -48 and (c,d) max -24, and (e,f) max. Horizontal

fluxes are shown as the mean (solid) and standard error of the mean (dashed). Precipitation and moistening

efficiency are shown as the median (solid) and interquartile range (shading), over the following numbers of

cyclones: (a,b) 109, (c,d) 147, and (e,f) 175.
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FIG. 7. Schematic of cyclone-relative airflows overlaid on cyclone surface features. Cold and warm front

(black), precipitation (dark blue shading), high TCWV (light blue shading). Ascending warm conveyor belt,

WCB (red), split into lower cyclonically turning and higher anticyclonically turning branch. Low-level rearward

flowing feeder airstream, FA (green), split into lower cyclonically turning and higher anticyclonically turning

branch. Descending dry intrusion, DI (yellow), split into lower anticyclonically turning branch and higher

cyclonically turning branch.
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