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ABSTRACT

This work studies moisture and heat budgets within two atmospheric rivers (ARs) that made landfall on

the west coast of North America during January 2009. Three-dimensional kinematic and thermodynamic

fields were constructed using ECMWF Year of Tropical Convection data and global gridded precipitation

datasets. Differences between the two ARs are observed, even though both had embedded precipitating

convective organizations of the same spatial scale. AR1 extended from 208 to 508N in an almost west–east

orientation. It had excessive warm and moist near-surface conditions. Its precipitating systems were mainly

distributed on the southwest and northeast sides of the AR, and tended to exhibit stratiform-type vertical

heat and moisture transports. In contrast, AR2 spanned latitudes between 208 and 608N in a north–south

orientation. It was narrower and shorter than AR1, and was mostly covered by pronounced precipitating

systems, dominated by a deep convection type of heating throughout the troposphere. In association with

these distinctions, the atmosphere over the northeastern Pacific on average experienced episodic cooling and

drying despite the occurrence of AR1, yet underwent heating and drying during AR2, when latent heating

was strong. Downward sensible heat flux and weak upward surface latent heat flux were observed particu-

larly in AR1. In addition, cloud radiative forcing (CRF) was very weak in AR1, whereas it was strongly

negative in AR2. In short, it is found that the oceanic convection in ARs both impacts the moisture transport

of ARs, as well as modifies the heat balance in the midlatitudes through latent heat release, convective heat

transport, surface heat fluxes, and CRF.

1. Introduction

Atmospheric rivers (ARs) are narrow channels of

enhanced moisture flux in the atmosphere (Newell et al.

1992; Zhu and Newell 1994). They perform ocean-to-

ocean and ocean-to-land moisture transports (Newman

et al. 2012), accounting for.90%of the total meridional

moisture flux in themidlatitudes (Zhu andNewell 1998).

They are typically parts of the warm conveyor belts

(WCBs), which are strongly ascending airstreams near

winter extratropical cyclones. The WCBs transport and

redistribute heat globally, and are featured by intense

latent heat release and precipitation formation (e.g.,

Carlson 1980; Browning 1990; Eckhardt et al. 2004;

Pfahl et al. 2014). Over the past few decades, increasing

attention has been paid particularly to the landfalling

ARs, as these kinds ofARs often lead to strongmultiday

continental precipitation, extreme flooding, and impacts

on regional water resources (e.g., Ralph et al. 2006;

Dettinger et al. 2011; Neiman et al. 2011; Lavers and

Villarini 2013).

Many recent observational (e.g., Neiman et al. 2008;

Ralph et al. 2011; Newman et al. 2012) and model tra-

jectory studies (e.g., Bao et al. 2006; Knippertz and

Wernli 2010; Ryoo et al. 2011; Sodemann andStohl 2013)

have been performed to investigate the moisture sources

as well as the transport mechanisms of ARs. For exam-

ple, using research aircraft observations, Ralph et al.

(2011) found that tropical (defined as 23.58N–23.58S)
moisture can be transported to the subtropics in an AR

event. Combining satellite observations and trajectory

analysis, Bao et al. (2006) pointed out that the local

moisture convergence plays a primary role in forming the

enhanced integrated water vapor (IWV) band. By taking

the water vapor tagging approach, Sodemann and Stohl

(2013) studied the interrelation between midlatitude

cyclones and ARs during boreal winter. Their results

suggested that an AR can be maintained by advection of

moisture along multiple extratropical cyclones and
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depleted by the oceanic precipitation in association with

several WCBs. Cordeira et al. (2013) looked at the de-

velopment, evolution, and merger of two ARs in prox-

imity to tropical cyclones. Based on the trajectory

analysis and moisture budget computed from reanalysis

and satellite observations along the ARs, they found

that the tropical cyclones can influence the midlatitude

ARs through its interactions with the North Pacific jet

stream. Before the two ARs merged, evaporation and

the IWV flux convergence associated with frontogenesis

were the moisture sources of the ARs, with the latter

being the primary one. In contrast, precipitation collo-

cated with troposphere-deep upright ascent removed

moisture effectively from the ARs (see their Table 2).

Although the aforementioned studies have largely

improved our understanding of the roles of synoptic-

scale circulation in AR formation and maintenance, the

multiscale interactions between oceanic precipitating

convective systems and the atmospheric motions in ARs

remain unclear. The oceanic precipitation coverage in

an AR can be substantially large (e.g., ;81% in the

second AR or AR2 in our study). The multiscale in-

teractions between clouds, convective organizations,

and the ambient atmosphere are evidently important for

weather forecasting and climate projection. Here we ask

how the spatial characteristics, the amounts, and the

dominant types of the precipitating clouds and convec-

tion in the ARs 1) influence the heat and moisture

transport within ARs and 2) modify the ambient atmo-

spheric heat and moisture budgets. For the latter, we

also investigate the cloud radiative forcing (CRF).

We conduct a detailed case diagnosis on the pre-

cipitating systems of two ARs in January 2009, during

the Year of Tropical Convection (YOTC; Waliser and

Moncrieff 2008; Moncrieff 2010) over the northeastern

(NE) Pacific region (208–608N, 1808–1208W). The ap-

parent heat source Q1 and apparent moisture sink Q2

are computed and analyzed for evidence of the domi-

nant cloud types and to elucidate the collective impacts

of subgrid-scale eddies on the surrounding environment.

Then comparisons among the column-integratedQ1 and

Q2, the radiation budget, and surface heat fluxes are

made. This paper is organized as follows. In section 2, we

describe the data and methods employed for AR-

structure construction as well as for heat and moisture

budget residuals computations. In section 3, we give a

background overview for January 2009 and the synoptic-

scale merging process of enhanced IWV bands. In sec-

tion 4, we present the average vertical profiles ofQ1 and

Q2 around the local maxima of IWV or the AR ridge,

and examine the vertically integrated heat and moisture

budgets. Discussions and conclusions are in sections 5

and 6, respectively.

2. Data and methods

a. Data

1) ECMWF YOTC DATA

This study used the European Centre for Medium-

Range Weather Forecasts (ECMWF) high-resolution

YOTC (e.g., Waliser and Moncrieff 2008; Moncrieff

2010) dataset as the main data source. The YOTC dataset

is available for a two-year period, from 1 May 2008 to

30 April 2010. It is produced by the ECMWF Integrated

Forecast System, which comprises a 4D-Var data assim-

ilation system, with high horizontal resolution of TL799

(;25km, May 2008–December 2009) and TL1279

(;16km, January 2010–April 2010) and L91 model

levels (91 vertical levels with the model top at 0.01hPa).

The YOTC database includes 6-hourly global analysis

(hereafter YOTC analysis) and up to 10-day forecasts

(hereafter YOTC forecast, starting at 1200 UTC every

day since 1 May 2008). The multiday forecasts are out-

put at 3-h intervals. (In this study, we retrieved the

analysis and forecast data at 18 3 18 horizontal grids with
25 pressure levels and surface level from http://apps.

ecmwf.int/datasets/data/yotc-od/.)

2) NOAA CMORPH PRECIPITATION

NOAA Climate Prediction Center morphing tech-

nique (CMORPH; Joyce et al. 2004) is one of the most

commonly used and frequently validated dataset for

global precipitation (e.g., Ebert et al. 2007; Tian et al.

2007; Sapiano and Arkin 2009). This product is derived

from four types of passive microwave measurements:

Tropical Rainfall Measuring Mission Microwave Im-

ager, Advanced Microwave Sounding Unit, the Special

Sensor Microwave Imager, and the Advanced Micro-

wave Scanning Radiometer. It uses the ‘‘morphing’’

techniques to solve the coverage gap problem and to

provide microwave-derived precipitation fields with

0.258 3 0.258 spatial resolution from 608N to 608S and

3-hourly temporal resolution from 1 December 2002 to

the present. Because of its spatial and temporal resolu-

tions, midlatitude data coverage, as well as smooth

spatial patterns, CMORPH is suitable for short-term

precipitation detection (Tian et al. 2007). To compare

CMORPH data with YOTC data, we downsample

CMORPH to match the resolutions of YOTC.

3) GPCP DAILY PRECIPITATION

The Global Precipitation Climatology Project (GPCP)

One-Degree Daily Precipitation version 1.2 dataset

(Huffman et al. 2001) with 18 3 18 spatial resolution is

available daily fromOctober 1996 to the delayed present.
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Using the threshold-matched precipitation index algo-

rithm, precipitation between 408N and 408S are estimated

from geosynchronous-orbit IR and low-orbit IR. The

rescaled daily Television and Infrared Observation Sat-

ellite Operational Vertical Sounder and Atmospheric

Infrared Sounder are used as the primary data sources for

408–908 in each hemisphere. Between 408and 508 in each

hemisphere, smoothing is performed to solve the data in-

consistency problem. We use the GPCP data mainly be-

cause of its high-latitude data coverage from 608 to 908N.

b. Methods

1) AR DEFINITIONS AND THE AR-RIDGE

CONSTRUCTION

There exist several criteria to identify ARs. Zhu and

Newell (1998) defined anAR as a filament-like structure

of strong moisture flux. Ralph et al. (2004) defined an

AR as an elongated and narrow region (length $

2000km 3 width , 1000km) with IWV $ 20mm. We

use the latter definition as the first step to identify AR

events and then augment the identified ARs in space

and time by loosening the geometrical constraint. At

each instance, the broader definition captures a contin-

uumof IWV$ 20mmover theNEPacific regionwith an

AR embedded, which we call the enhanced IWV sur-

rounding ARs (hereafter AR-IWV). This enables us to

consider inclusively the moisture reservoir of an AR and

the time steps when an AR curved or deformed. Within

each AR-IWV, we further define a narrow segment of

maximum IWV by interpolating 28 3 28 tiles, each of

which is centered on a local IWV maximum. This con-

centrated area is denoted as theARridge,which ismarked

with the thick contours in Figs. 1 and 2. The maximum

precipitation (shaded area) tends to fall inside an AR

ridge, which enables us to examine the propagation and

evolution of precipitating systems embedded in ARs.

2) Q1 AND Q2 CALCULATIONS

In the absence of direct measurements of clouds and

convective systems, their thermodynamic impacts on

ambient atmosphere are evaluated statistically using heat

and moisture budget residuals Q1 and Q2 computed with

the 18 3 18 YOTC analysis according to the thermody-

namic and the moisture mass conservation laws. As sug-

gested by the model trajectory study in Joos and Wernli

(2012), net condensation as well as deposition contribute

significantly to the total latent heating of WCBs, thus the

Q1 andQ2 equations in Yanai et al. (1973) aremodified to

include the ice phase as follows (e.g., Johnson et al. 2015):

Q1[ cp

�
p

p0

�k�›u
›t

1 v � $u1v
›u

›p

�

5QR1Ly(c2 e)1 (Ly 1Lf )(d2 s*)

1Lf ( f 2m)2$ � s0v02 ›s0v0

›p
, (1)

Q2 [2Ly

�
›q

›t
1 v � $q1v

›q

›p

�

5Ly(c2 e)1Ly(d2 s*)

1Ly

�
$ � q0v01 ›q0v0

›p

�
, and (2)

Q12Q2’QR 1Lf (d2 s*1 f 2m)

2

�
›s0v0

›p
1Ly

›q0v0

›p

�
, (3)

FIG. 1. Time evolution of AR1 from 0000 UTC 4 Jan to 1200 UTC 8 Jan 2009: CMORPH precipitation(mmh21) is

shaded. The AR1 ridge is the thick contour and IWV 5 20mm is the thin contour.
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where u is the potential temperature; q is the water va-

por mixing ratio; v is the horizontal velocity; v is the

vertical p velocity; p is the pressure; p0 5 1000hPa;

k5R/cp withR being the gas constant of dry air; cp is the

specific heat capacity at constant pressure; $ is the iso-

baric gradient operator;QR is the radiative heating rate;

Ly and Lf are the latent heat of vaporization and fusion,

respectively; c, e, d, s*, f , and m are the rates of con-

densation, evaporation, deposition, sublimation, freez-

ing, and melting per unit mass of air, respectively; and s

is the dry static energy per unit mass of air. The overbar

denotes the mean over a horizontal area equivalent to

the mesh size of the gridded analysis, and the prime

denotes the deviation from this mean, hence referring to

subgrid-scale processes such as cloud convection, bound-

ary layer fluxes, and turbulence. In deriving (1) and (2), the

Reynolds conditions and their consequences are assumed

to be accurate.

Equations (1) and (2) are calculated using the rhs of

their first lines using the YOTC analysis, and are in-

terpreted using the rhs terms in their second lines. Re-

spectively, Q1 represents the total effects of radiative

heating, latent heat released due to microphysical phase

changes, and the convergence of fluxes of sensible heat

due to subgrid-scale eddies such as convection and tur-

bulence, while Q2 shows the total effects of net conden-

sation and divergence of eddymoisture flux due to clouds

and turbulence. In the presence of organized convection,

the subgrid terms 2›s0v0/›p and ›q0v0/›p dominate the

total eddy transports. The horizontal eddy transport

terms 2$ � s0v0 and $ � q0v0 may be ignored due to their

typically small contributions (e.g., Arakawa and Schubert

1974; Wu 1994). Accordingly, the difference between Q1

and Q2 in (3) is indicative of net radiative heating, net

latent heating associated with ice processes, and vertical

eddy fluxes of moist static energy h5 s1Lyq.

Furthermore, (1)–(3) include processes transitioning

in and out of the ice phase: d, s*, f , andm. In convective

updrafts, water vapor condenses rapidly and releases

latent heat. Once the environmental temperature drops

below 08C, the Bergeron process takes place; deposition

outcompetes freezing and releases more latent heat.

Among solid precipitation, high-density ice can survive

above freezing temperatures long enough so that melt-

ing, rather than sublimation, likely contributes notably

to diabatic cooling along with evaporation within

downdrafts. In consequence, (1)–(3) can be approxi-

mated for convective systems as

Q1’QR1Ly(c2 e1 d)1Lf (d2m)2
›s0v0

›p
, (4)

Q2’Ly

�
c2 e1 d1

›q0v0

›p

�
, and (5)

Q12Q2’QR 1Lf (d2m)2
›h0v0

›p
. (6)

The vertical structures ofQ1 andQ2 that resulted from a

subgrid cloud population that is predominantly deep

convection are quite distinct from those that resulted

from shallow convection or from convective organiza-

tions with prominent trailing stratiform clouds. Thus,

the Q1 and Q2 profiles are commonly used to diagnose

the dominant types of cloud systems (e.g., Nitta and

Esbensen 1974; Houze 1989; Yanai and Johnson 1993;

Tung et al. 1999; Schumacher et al. 2008). For instance,

as discussed in Johnson (1984), the deep convection type

exhibits net heating (positive Q1) and drying (positive

Q2) throughout the troposphere, with a primaryQ1 peak

FIG. 2. As in Fig. 1, but for AR2 from 0600 UTC 16 Jan to 1800 UTC 20 Jan 2009.
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in the upper troposphere and a primary Q2 peak in the

lower troposphere; in contrast, the trailing stratiform

type is associated with upper-tropospheric heating and

drying due to condensation and deposition, and lower-

tropospheric cooling and moistening contributed to by

melting and evaporation of precipitation.

3) VERTICALLY INTEGRATED Q1AND Q2

The vertical integrations of (4) and (5), have been

widely used to determine the primary heat sources and

moisture sinks (e.g., Luo and Yanai 1984; Yanai and

Tomita 1998). In this study, the integrations are per-

formed over the vertical range from pT 5 1 to p0 5
1000hPa, denoted by

h i5 1

g

ðp
T

p
0

( ) dp . (7)

The difference between hQ1i and hQ2i might be inter-

preted as follows (modified after, e.g., Luo and Yanai

1984):

hQ1i2 hQ2i’ hQRi1 hQf i1FS1FLH , (8)

where hQRi, hQf i, FS, and FLH are the column-integrated

net radiative heating rate, the net heating associated with

the fusion (Lf ) term in (6) in the air column, the surface

sensible heat flux, and the surface latent heat flux, re-

spectively, per unit area. We further perform the spatio-

temporal average (denoted by [ ]) for individual terms in

(8) over various spatial domains, respectively, for the

month of January, theAR1 event, and theAR2 event (see

section 4c). The month of January has 124 time steps;

AR1 has 19 time steps from 0000 UTC 4 January to

1200 UTC 8 January; and AR2 has 20 time steps from

0000UTC16 January to 1800UTC20 January. The [hQ1i]
and [hQ2i] are computed from YOTC analysis. The

[hQRi], [FS], and [FLH] in section 5 are estimated from

theYOTC forecast tendency data. This approach does not

guarantee the budgets to be closed. However, as shown in

section 5, the discrepancies remain one order ofmagnitude

smaller than the leading terms.

3. Case overview

Two AR cases in January 2009 that produced intense

precipitation over the west coast of North America

(around 1708–1108W) are investigated (see NOAA Na-

tional Climatic Data Center’s State of the Climate:

Global Hazards for January 2009 at http://www.ncdc.

noaa.gov/sotc/hazards/2009/jan). AR1 made landfall

during 4–8 January 2009. AR2 made landfall during

16–20 January 2009.

Figures 1 and 2 display the evolution of AR1 and

AR2, respectively. As time elapsed, AR1 turned

clockwise, and had a west–east or southwest–northeast-

oriented AR1 ridge from 208 to 508N. It made landfall

from 1800 UTC 4 January to 1200 UTC 8 January

(hereafter the AR1 period). Substantial oceanic pre-

cipitation was concentrated on the southwest side of

AR1 (Fig. 1). In contrast, AR2 was south–north ori-

ented roughly from 208 to 608N. It first impacted land at

0000 UTC 16 January and left at 1800 UTC 20 January

(hereafter the AR2 period). AR2 was narrower and was

largely covered by enhanced precipitation (Fig. 2). In

the late stages of both cases, a secondary IWV band was

positioned to the west of the landfalling AR (Fig. 1 from

1200 UTC 7 January to 1200 UTC 8 January, and Fig. 2

at 1800 UTC 20 January). The secondary IWV band

typically co-occurred with another cyclone (Sodemann

and Stohl 2013) andwould later catch up andmerge with

the remnants of the currently landfalling AR.

The twoARs were the most prominent cases in January

2009, which was an active month for landfalling ARs,

featured by a weak La Niña condition. Figures 3 and 4

show the 200-, 500-, and 850-hPa analyses for the mean

state of January 2009 and the two ARs, respectively. At

200 and 500hPa, a ridge was located at around 1358W in

the January mean state (Figs. 3a,b). At 850hPa, a high

pressure center was at 358N, 1358W while a low pressure

center was at 508N, 1708W, with strong southwest wind in

between (Fig. 3c). The 850-hPa temperature was distrib-

uted in a similar pattern as the height fields. High 850-hPa

specific humidity extended northeastward from the tropics

to the midlatitudes (Fig. 3d).

During the AR1 period, the 200- and 500-hPa ridges

were roughly at 1408W (Figs. 4a,b), to the west of those

in the January mean state (Figs. 3a,b). At 850hPa, en-

hanced 850-hPa west-southwest wind was between a

high pressure center at 328N, 1408W and an elongated

low pressure system, which spanned from 458N, 1588E to

638N, 1158W (Fig. 4c). The 850-hPa specific humidity

was west–east oriented. AR1 impacted the west coast of

North America from 408 to 508N (Fig. 4d).

During the AR2 period, the 200- and 500-hPa ridges in

south–north orientationwere at around 1228W(Figs. 4e,f).

The upper-level westerly jet split in the mid-Pacific into a

northern branch into the Gulf of Alaska and a southern

branch passing through Hawaii. The storm track was dis-

placed along with the northern branch, resulting in the

north–south orientation of AR2. Pronounced 850-hPa

southerly winds existed in the vicinity of an 850-hPa high

pressure centered at 408N, 1108W, and a 850-hPa low

pressure centered at 528N, 1758W (Fig. 4g). Correspond-

ingly, the 850-hPa specific humidity band was south–north

oriented. AR2 impacted the west coast of North America
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from 558 to 608N (Fig. 4h). It was narrower and shorter

than its counterpart in the AR1 period.

The accumulated GPCP precipitation is illustrated in

Fig. 5. AR1 had a broad precipitation band in a nearly

west–east orientation. It made landfall in the province of

British Columbia in Canada and the states of Wash-

ington and Oregon in the United States. AR2 had a

narrow precipitation band in a south–north orientation.

It penetrated inland Alaska and British Columbia. A

comparison between specific humidity (Figs. 4d,h) and

precipitation (Fig. 5) indicates that the likelihood of

precipitation can be predicted from the high specific

humidity content, especially over the midlatitude ocean.

Over the ocean, accumulated precipitation with values

$40mm was mainly scattered on the southwest and

northeast sides of AR1, whereas it was distributed

continuously along the main path of AR2. In both ARs,

precipitation was stronger in the landfalling regions than

that over the ocean.

The large-scale convergence induced by merging multi-

ple high IWV bands can increase the moisture content of

anAR(e.g.,Ralph et al. 2004; Bao et al. 2006). This process

is often associated with multiple eastward-propagating cy-

clones (Cordeira et al. 2013; Sodemann and Stohl 2013).

Clearly, the main merging location for AR1 was around

208–358N, 1808–1658W (the first two rows in Fig. 6a). In

contrast, the location for AR2 extended to higher latitudes

centered at 288–508N, 1608–1408W(the first row in Fig. 7a).

After merging, the saturated and actual vapor pressures in

the lower troposphere were largely enhanced. Figure 8

depicts the differences in saturated vapor pressure of 2-m

air between the AR periods and the no-AR period. The

latter period is computed by excluding time steps in AR1

and AR2 periods from January 2009. Qualitatively similar

features are observed for both ARs. First, positive satu-

rated vapor pressure was mostly present inside the en-

hanced IWV bands. Second, the local maxima of saturated

vapor pressure were situated near the merging locations

(Figs. 6–8), mostly outside of the maximum precipitation

centers (Figs. 8 and 5). The positive differences imply an

increase of themaximum possible amount of moisture that

can exist in the lower-tropospheric air, owning to the con-

veyance and confluence of warm air by the ARs.

The merging process amplifies precipitation, which

consumes moisture as well as releases latent heat in an

AR. Figures 6b and 7b present the average vertical pro-

files between 308 and 358N forwind, specific humidity, and

positive Q1 for AR1 and AR2, respectively. Black and

gray arrows mark the locations of the primary specific

humidity peaks and the secondary specific humidity

peaks, respectively. The peaks are in correspondence with

the IWV bands in Figs. 6a and 7a. For AR1 at 0600 UTC

2 January, the primary specific humidity peak was located

from 1608E to 1708W. The secondary specific humidity

peak was at around 1658W. The Q1 maximum was at

around 1708E, 500–700hPa, coinciding with substantial

upwardmotions (the first row inFig. 6b).As the high IWV

bands merged and proceeded eastward, the primary spe-

cific humidity peak became narrower, and the associated

heating intensified (the second and the third rows in

Fig. 6). At 0600 UTC 5 January, the specific humidity

peak was at 1708W, with a weakening heating center (the

fourth row in Fig. 6b).At 0600UTC6 January, the specific

FIG. 3. Mean states for January 2009: (a)–(c) 200-, 500-, and

850-hPa wind vectors (m s21) and height contours with intervals of

20, 10, and 5 dam, respectively. (d) The 850-hPa temperature

(contour intervals of 58C) and specific humidity (shading intervals

of 2 g kg21).
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humidity peak propagated to around 1608W,while theQ1

maximumbecame hard to discern (the last row inFig. 6b).

For all time steps in Fig. 6b, strongwesterlies were present

to the west of the primary specific humidity peaks, in

contrast to the weak wind to the east of the primary spe-

cific humidity peaks. A similar evolution is observed in

AR2 (Fig. 7b). However, the primary specific humidity

peak was narrower than that in AR1.

4. Precipitating convection

a. Along-AR propagation

Figures 9 and 10 depict Q1, Q1 2Q2, and CMORPH

precipitation along the AR ridges from the southwest

end to the northeast end. They are taken at time steps

identical with those in Fig. 1 for AR1 and overlapped

with those in Fig. 2 for AR2. The x axis is the distance

from the southwest end. As a reference for the spatial

progression of the AR1 ridge, three vertical lines are

drawn to show where AR1 intersected longitudes at

1658, 1538, and 1418W, respectively. For the mainly

north–south-oriented AR2, the vertical lines are for

latitudes at 258, 358, and 458N, respectively. The tropo-

pause was around 200hPa in the AR1 ridge, and was

around 300hPa in the AR2 ridge (indicated by 1.5 3
1026Kkg21m2 s21 or 1.5 PVU, not shown). The differ-

ent tropopause heights between the twoARs were likely

resulted from their different latitudinal ranges.

The precipitating systems in AR1 underwent two

distinct phases of development characterized by heating

FIG. 4. As in Fig. 3, but for (left) AR1 and (right) AR2.
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(Q1) profiles, which are described as strengthening and

weakening phases as follows. Figures 9a–e show the

strengthening phase of the precipitating systems inAR1.

The system appears to be composed of two convective

organizations, each with a spatial scale around 2000km

horizontally, evolving from vertical to tilted structures in

roughly two days. At 0000 UTC 4 January (Fig. 9a), a

400–900-hPa heating with Q1$15Kday21 emerged at

308–358N, 1808–1758W. Maximum heating was near

500 hPa. Cooling existed below 950hPa. At 1800 UTC

4 January (Fig. 9b), the heating became elongated and

vertically tilted from 258N, 1808 to 408N, 1668W. Its west

part exhibited net heating from 300 to 900 hPa. Its east

part exhibited a mature mesoscale convective system

type of upper-tropospheric heating (maximized near

450 hPa) and lower-tropospheric cooling (peaked at

800 hPa). At 0600 UTC 5 January (Fig. 9c), heating ex-

panded eastward to 308–408N, 1788–1608W.At 1800 UTC

5 January, another system started, apparently mixed with

shallower and deep convection types (left column of

Fig. 9d), producing localized intensive precipitation up to

3mmh21 at 298–368N (right column of Fig. 9d). At

1800 UTC 6 January (Fig. 9e), an obvious tilted heating

was at 268–448N, 1628–1478W.The tilting tendency, again,

implies a transition of dominant cloud types from shal-

lower convection on the west side to deeper convection

and trailing stratiform on the east side.

Figures 9f and 9g are considered the weakening pha-

ses of the AR1 precipitating systems. The precipitating

system propagated eastward and subsided (Figs. 9f,g),

and its remnants produced less than 30Kday21 ofQ1 at

1200 and 1800 UTC 7 January. The Q1 maxima were

largely confined below 600hPa. The strongQ1 signals at

the east end of the AR1 ridge (e.g., Fig. 9f) were pro-

duced by the landfalling precipitating systems; hence,

they are not discussed here.

The precipitating systems in AR2 covered a large

fraction of the AR ridge, which was, however, shorter

than that of AR1 (see Figs. 9 and 10). In the strength-

ening phase of AR2 at 1200 UTC 17 January (Fig. 10a),

the primary heating with Q1 $ 15Kday21 was to the

south of 458N from 400 to 900 hPa. It was vertically tilted

over a horizontal distance around 2000km, similar in

structure and scale to the system in AR1. The entire

precipitating systems strengthened and propagated

northward, and at 0000 UTC 18 January (Fig. 10b), the

heating center expanded from 238N, 1458W to 488N,

1418W. The tilt of Q1 is suggestive of dominant cloud

types transitioning from shallower to deep convection

with trailing stratiform; however, it was not as pro-

nounced a feature here as in AR1. In the weakening

phase of AR2, precipitating systems still covered a sub-

stantial portion of the AR2 ridge (Fig. 10c at 1200 UTC

18 January and Fig. 10d at 0000 UTC 19 January).

The vertical profiles of Q1 2Q2 appear to be com-

plicated juxtapositions of latent heating and eddy

transports associated with various cloud types. Equation

(6) provides simplified guidelines to understand the

Q1 2Q2 maps. The variableQR in the troposphere tends

to be on the order of21Kday21. A pronounced feature

in these maps is a dipole of a negative center immedi-

ately below a positive center. There can be two sets of

dipoles stacked vertically in the low to midtroposphere,

such as around 1500km in Fig. 9b, around 1000km in

Fig. 9c, and between 1000 and 3000km in Figs. 10a–c.

These dipoles indicate divergence of moist static energy

h at the lower level and convergence at the upper level,

which support strong evidence of vertical transport of

moist static energy via convection. The two stacked di-

poles are suggestive of the presence of at least two

dominant convection cloud types detraining at different

heights. Shallow cumulus and stratiform systems lack

such a transport mechanism, hence, they tend to yield a

vertically uniform Q1 2Q2 field. However, the trailing

stratiformmay be associatedwith a center of depositional

FIG. 5. The 4-day accumulated GPCP daily precipitation

(shading intervals of 20mm, white contour denotes 40mm):

(a) AR1 from 4 to 8 Jan 2009 and (b) AR2 from 16 to 20 Jan 2009.
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heating above the freezing level and melting cooling

around the freezing level, according to (6). The de-

positional heating–melting cooling might have enhanced

the dipoles between 400 and 800hPa at 1500km inFig. 9b,

at 1000km in Fig. 9c, and at 3000km in Fig. 10b. Last,

under the undisturbed condition, the typical mixed layer

turbulent mixing results in convergence of heat and

moisture, hence, positive Q1 2Q2 2QR in the PBL.

Examples can be seen in the narrow positive zones in the

lowermost troposphere in Figs. 9f and 9g.

FIG. 6. Merging process for AR1 from 0600 UTC 2 Jan to 0600 UTC 6 Jan 2009: (a) in a plan view, CMORPH

precipitation in mmh21 is shaded, IWV5 20mm is the thick contour, 308 and 358N are marked by horizontal lines;

(b) in a vertical section averaged over 308–358N for u, v vectors (u in m s21 and v in 1022 Pa s21), specific humidity

with contour intervals of 2.5 g kg21, and positiveQ1 (shades, K day21). Black and gray arrows denote the primary and

secondary specific humidity peaks, respectively.
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In the weakening phase, AR2 did not exhibit the

shallower-convection-dominant heating profile as AR1

did in Figs. 9f and 9g. This and the large precipitating

convection coverage of the short AR2 ridge differentiate

the two AR events. Considering that the precipitating

convective organizations in both ARs developed to a

similar spatial scale, one may conjecture that these sys-

tems drew moisture from the moisture reservoir in the

tropics and depleted most of it on the spot. For AR1 to

deliver moisture and make an impact upon landfall at a

farther downstream location, extratropical heat and

moisture sources must have been tapped into; therefore,

the significant shallower cloud types andPBLmixing took

place at its later stage.

b. Average Q1 and Q2 profiles

In Figs. 11 and 12, we conduct multiscale comparisons

of theQ1 andQ2 inside the precipitating areas within the

FIG. 7. As in Fig. 6, but for AR2 from 0000 UTC 15 Jan to 0000 UTC 19 Jan 2009.
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AR ridges, inside the AR-IWV, and outside the AR-

IWV in the NE Pacific region. Figure 11 illustrates the

average Q1 and Q2 profiles for the precipitating systems

only in theARridge (hereafter the precipitatingAR ridge)

at selected time steps. During the strengthening phase of

precipitating systems in the AR1 ridge (Fig. 11a), a tran-

sition from the deep convection type of low- to mid-

tropospheric heating and drying (e.g., 0600 and 1200 UTC

4 January) to the stratiform dominant type of mid-

tropospheric heating and drying is observed (;550 hPa

at 1800 UTC 4 January, see Johnson 1984; Houze 2004;

Schumacher et al. 2008). However, the stratiform type

of midtropospheric heating and drying quickly weakened.

During the weakening stage (Fig. 11b), the main heating

and drying peak shifted to around 800hPa (e.g., 1800UTC

6 January, 1200–1800 UTC 7 January). This indicates the

existence of low-level clouds, and the weakening of

convective transport. On the contrary, the precipitating

AR2 ridge had a robust deep convection type of heat-

ing throughout the strengthening phase. For example,

at 1800UTC16 January–0600UTC17 January inFig. 11c,

the Q1 and Q2 extrema clearly separated, suggesting the

presence of eddy vertical transport of moist static energy.

Strong heating and drying remained prominent in the

third landfall day of AR2 (e.g., 1200 UTC 18 January in

Fig. 11d). The primary Q1 peak was between 550 and

650hPa, and the Q2 peak was around 650hPa during the

weakening phase (Fig. 11d), implying the abundance of

midtropospheric clouds. Notice that Q1 profiles above

300hPa in AR1 (Figs. 11a,b) and above 400hPa in AR2

(Figs. 11c,d) are likely around and above the tropopause.

The budget residuals are subjected to erroneous values

arising from small perturbations in vertical velocity mul-

tiplied with a vertical temperature gradient under large

static stability. The variations seen above these levels are

therefore not interpreted.

Figure 12 compares the Q1I (dark lines) and

(Q1 2Q2)I (dark dashed lines) profiles for the AR-IWV

average over the AR1 and AR2 periods. Recall that

even though both AR ridges contained precipitating

convective organizations, the one in the AR1 ridge was

overtaken by shallower convection at its later stage prior

to landfall. So, we anticipate that on average heating and

drying associated with deep convective systems affected

AR1-IWV less thanAR2-IWV. Indeed, such a difference

is observed. As seen in Fig. 12a, negative (Q1 2Q2)I was

present throughoutmost of the troposphere above 900hPa

in AR1-IWV, which could be largely explained by radia-

tive cooling. In contrast, a double-peak structure of

(Q1 2Q2)I was present in AR2-IWV, along with an

overall stronger low- to midtropospheric positive Q1I

(Fig. 12b). As discussed in section 4a, the double-peak

profile of (Q1 2Q2)I is likely the manifestation of vertical

transports of moist static energy associated with convec-

tion detraining at different heights, overlaid with signals of

depositional heating between 400 and 600hPa andmelting

cooling around 600hPa associated with a stratiform anvil.

Outside AR-IWV, large-scale downward motion

largely dominated (not shown), along with heating (Q1O

in Figs. 12a,b) and moistening due to PBL turbulence

mixing, and minor midtropospheric drying in both ARs.

However, the depth of the low-level heating and moist-

ening was different between the two cases. The Q1O

profile for the AR1 period (Fig. 12a) exhibits heating

below 900hPa and cooling between 400 and 900hPa,

with a heating maximum of 3Kday21 near the surface.

Positive (Q1 2Q2)O existed below 750hPa due to the

prominent moistening in these levels. In contrast, a

deeper layer of near-surface heating and moistening is

observed during AR2, peaking at around 900hPa

(Fig. 12b). Moreover, radiative cooling dominated the

heating profile above 800hPa in the AR1 period

(Fig. 12a), yet its impact seems to be offset by other

sources of heating during the AR2 period (Fig. 12b).

FIG. 8. Differences in saturated vapor pressure of 2-m air be-

tween the AR and no-AR periods (January 2009 excluding time

steps during AR1 and AR2 periods) are shaded, with 2-hPa in-

tervals: (a) AR1 and (b) AR2. White contours are 4-day accumu-

lated GPCP precipitation 5 30mm. Black contours are temporal

averaged 850-hPa specific humidity 5 4 g kg21.
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c. Vertically integrated Q1 and Q2

To yield insights into the net impacts of subgrid-scale

processes on the surrounding environment, we compare

hQ1i, hQ2i, hQRi, FLH, and FS averaged over the NE

Pacific region, AR-IWV, outside AR-IWV, and the pre-

cipitating AR ridges during the January, AR1, and AR2

periods (Tables 1 and 2). To highlight results from the lhs

of (8) inTable 1, Fig. 13 shows the spatiotemporal average

hQ1i and 2hQ2i from YOTC analysis. The atmosphere

over the NE Pacific was subjugated to a heat sink (nega-

tive spatiotemporal average hQ1i, hereafter, [hQ1i]) and
moisture sink (positive [hQ2i]) during the January and

AR1 periods (Table 1), suggesting the importance of ra-

diative cooling. However, it was a heat source and mois-

ture sink in the AR2 period, implying the importance of

latent heating and surface evaporation.

Meanwhile, weaker upwelling [FLH] and [FS] are

found in the AR1 period than in the AR2 period for all

regions (Table 2 and Fig. 14), even though AR1 and

FIG. 9. Vertical sections along the AR1 ridge plotted from 0000 UTC 4 Jan to 1800 UTC 7 Jan 2009 for (left) Q1 (K day21), (center)

Q1 2Q2 (K day21), and (right) CMORPH precipitation (mmh21); Q1 and Q1 2Q2 are in contours with 15K day21 intervals, with

negative values shaded. Horizontal dashed lines mark the temperature at 08C. The top x axis marks the coordinates where the AR1 ridge

intersected at 1658, 1538, and 1418W. The bottom x axis is distance (km). The y axes for Q1 and Q1 2Q2 are pressure (hPa).
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AR2 had comparable near-surface wind speed (not

shown). Such a contrast amplified in IWV, with down-

ward [FS] being observed in AR1-IWV. These suggest

that the near-surface air in AR1-IWV was excessively

warm and moist. In fact, calculations from YOTC

analysis show that the mean temperature of 2-m air was

0.618C higher than that of the sea surface in the

precipitating AR1 ridge. Moreover, the differences in

actual vapor pressure between 2-m air and the sea sur-

face were smaller in the precipitating AR1 ridge than

those in the outside domains (not shown). Presumably,

the downward [FS] and weak upwelling [FLH] in AR1-

IWV are related to the lack of strong and persistent

convection. Therefore, the warm air mass in AR1 was

FIG. 10. As in Fig. 9, but for the AR2 ridge plotted from 1200 UTC 17 Jan to 0000 UTC 19 Jan 2009. Three vertical lines mark where the

AR2 ridge intersected at 258, 358, and 458N.

FIG. 11. Vertical profiles averaged over the precipitating AR ridges: lines areQ1 and dashed lines are2Q2. (a),(c)

Lines 1–3 are the strengthening time steps inAR1 orAR2. (b),(d) Lines 4–6 are theweakening phase ofAR1 orAR2.

The x axis is the amplitude of Q1 and 2Q2 (K day21) and the y axis is the pressure (hPa).
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able to retain a large amount of moisture in propagation.

In addition, the reevaporation of precipitation under

stratiform cloud decks likely served as an extra moisture

source for the near-surface air (sections 4a and 4b). In

brief, precipitating systems in ARs appeared to play a

crucial role in modifying the heat and moisture budget

as well as air–sea interactions in ARs.

d. CRF implications

Table 3 shows the shortwave cloud forcing (Cs 5
Sclr 2 Scld, where Sclr is the clear-sky reflected short-

wave radiation, and Scld is the cloudy-sky reflected short-

wave radiation), longwave cloud forcing (Cl 5OLRclr 2
OLRcld, where OLR is the outgoing longwave radiation),

and cloud radiative forcing (CRF5Cs 1Cl) averaged

over AR1 and AR2 periods (see Ramanathan et al. 1989).

Notice that 1800 UTC 20 January is omitted, so that both

ARs have 10 time steps for local morning and 9 time steps

for local evening.

The spatiotemporal average CRF or [CRF], is nega-

tive over all domains, an indication of the net cloud

radiative cooling effect on the surface–atmosphere sys-

tem. Moreover, AR1 had less [CRF] (218.3Wm21) in

AR-IWV thanAR2 (232.9Wm21). Such a contrast was

amplified in the precipitating AR ridge. This is mainly

because clouds in AR2-IWV had a stronger shortwave

reflection at the top of atmosphere (more negative [Cs])

than those in AR1-IWV. In addition, clouds in the AR2

ridge exhibited slightly weaker longwave forcing ([Cl])

than those in the AR1 ridge. As discussed in section 4a,

the AR2 ridge had relatively more strong convection

and a lower tropopause, with a strong heating center

being confined below 400hPa (Figs. 10a,b). Hence,

clouds in AR2 were highly reflective. They effectively

blocked the shortwave radiation from arriving the surface

(not shown), and emitted more [OLR] than in AR1. On

the contrary, the AR1 ridge had less coverage of strong

convection with a higher tropopause. Thus, convection in

AR1 was able to develop to higher altitudes (e.g., the

west-end heating center with Q1 $ 30Kday21 reached

upward to approximately 350hPa in Figs. 9b,c), and likely

retained more longwave radiation in the atmosphere.

5. Discussion

Three interesting observations had been made in this

study. First, large-scale convergence through merging

sequential IWV bands over the ocean increased the

temperature and moisture content of the newly formed

AR. The conveyance and confluence of warm air in this

process appeared to enhance the saturated vapor pres-

sure or the maximum possible amount of moisture that

can exist in lower-tropospheric air. Such a process,

presumably, enhances the moisture transport effective-

ness by an AR. Second, precipitating systems associated

with convergences and frontal lifting mainly acted to

deplete the moisture from and release latent heat in the

AR. This underlines the importance of subgrid-scale

processes in the maintenance and landfalling impacts of

an AR. Third, the precipitating systems in AR often

revealed a vertically tilted structure, suggesting the ex-

istence of various kinds of convection from shallower

FIG. 12. Average vertical profiles during the (a)AR1 and (b)AR2 periods.Dark lines flight lines with circlesg are
Q1 inside foutsidegAR-IWV, denoted asQ1I fQ1Og . Dark flightg dashed lines areQ1 2Q2 inside foutsidegAR-

IWV, denoted as (Q1 2Q2)I f(Q1 2Q2)Og. Vertical lines mark the 0 values. The x axis is the amplitude (K day21)

and the y axis is the pressure (hPa).

TABLE 1. [hQ1i] and [hQ2i] (Wm22) averaged over the NE Pa-

cific region, AR-IWV, outside AR-IWV, and the precipitating AR

ridge for January, AR1, and AR2 periods.

Jan AR1 AR2

[hQ1i] NE Pacific 211.9 229.1 18.0

AR-IWV 148.7 41.9 201.7

Outside AR-IWV 279.8 286.9 247.9

Precipitating AR ridge — 624.7 709.9

[hQ2i] NE Pacific 12.3 27.3 14.0

AR-IWV 177.2 121.3 236.9

Outside AR-IWV 259.2 252.5 265.4

Precipitating AR ridge — 724.7 770.9
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ones, to deep convection, and to the trailing stratiform

deck. The variations in spatial coverage and cloud types

could translate to differences in radiative forcing and

surface heat fluxes, thus affecting regional heat and

moisture balance.

This work emphasizes the significance of precipitating

convection inside ARs. Four questions can be asked

based on the results. First, from a statistical point of

view, what are the impacts of the subgrid-scale processes

on air–sea interactions and on the heat balance in

extratropics? Second, how do variations in the abundance

and types of convection translate to climate-scale CRF

variability? Third, how do subgrid-scale processes affect

moisture sources and perhaps the intensity of landfalling

precipitation of the ARs? As implied by our study,

precipitating convection appears to remove moisture

TABLE 2. As in Table 1, but for [hQRi], [FLH], [FS], and ([hQ1i]2 [hQ2i])2 ([hQRi]1 [FLH]1 [FS]) (Wm22).

Jan AR1 AR2

[hQRi] NE Pacific 2135.5 2147.1 2131.7

AR-IWV 2132.8 2148.7 2139.0

Outside AR-IWV 2136.0 2145.8 2129.1

Precipitating AR ridge — 2136.9 2137.0

[FLH] NE Pacific 103.9 91.6 128.9

AR-IWV 98.3 79.0 109.7

Outside AR-IWV 107.0 103.8 109.8

Precipitating AR ridge — 9.6 51.8

[FS] NE Pacific 20.5 17.1 30.4

AR-IWV 6.1 21.3 10.7

Outside AR-IWV 27.9 33.0 37.6

Precipitating AR ridge — 217.5 2.5

([hQ1i]2 [hQ2i])2 ([hQRi]1 [FLH]1 [FS]) NE Pacific 213.3 218.0 223.6

AR-IWV 0.0 28.4 216.6

Outside AR-IWV 219.5 225.4 20.8

Precipitating AR ridge — 44.8 21.7

FIG. 13. Spatiotemporal average hQ1i and2hQ2i for the NEPacific

region in Wm22.

FIG. 14. Spatiotemporal average upward FS, upward FLH, and

hQRi (Wm22) for the NE Pacific region (NE), AR-IWV (IWV),

and the precipitating AR ridge (ARR) for AR1 and AR2.
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from distant tropical regions; meanwhile, it seems to

introduce localized moisture sources to the ARs via

precipitation reevaporation and, to a lesser degree,

evaporation from the sea surface. Fourth, based on our

current findings suggesting the AR’s covariability with

surface heat fluxes and CRF, how do these processes in

climate models influence the uncertainties in long-term

projection by the models?

6. Conclusions

The oceanic precipitating systems of two strong

landfalling ARs were studied. AR1 impacted British

Columbia, Washington, and Oregon (408–558N) during

4–8 January 2009. AR2 influenced Alaska and British

Columbia (558–708N) during 16–20 January 2009. The

ECMWF YOTC data, CMORPH precipitation, and

GPCP One-Degree Daily precipitation were used to

construct the three-dimensional kinematic and thermo-

dynamic fields. AR1 was between a high pressure center

at 328N, 1408Wand a low pressure system extending from

458N, 1588E to 638N, 1158W, with an almost west–east

orientation. AR2 was between a 850-hPa high pressure

region centered at 458N, 1208W and a 850-hPa low pres-

sure region centered at 528N, 1758W, with a south–north

orientation downstream of a 200-hPa split jet.

Prior to landfall, merging sequential IWV bands over

the ocean formed both ARs. This process increased the

temperature and moisture content, as well as the actual

and saturated vapor pressure of the near-surface air in the

ARs. Meanwhile, precipitating convection was amplified.

It consumedmoisture as well as released latent heat in the

path of AR propagation. In both ARs, precipitating

convection often revealed vertically tilted Q1 and Q2

structures along a horizontal distance around 2000km.

This indicated a spatial transition from a predominant

cloud population of shallower convection, to deep con-

vection, to the trailing stratiform deck along the ARs.

However, clear differences existed between the two

ARs. First, AR1 traversed a longer distance than AR2

from its tropical moisture reservoir to its midlatitude

landfalling location. The precipitating systems in AR1

were mainly distributed on the southwest and northeast

sides of the AR. They often revealed significant strati-

form types of low-tropospheric level cooling and

moistening characteristics of mature convective orga-

nizations. Whereas precipitating systems in AR2 con-

tinuously covered the main path of the AR, most of the

time exhibiting predominantly a deep convection type of

heating throughout the troposphere. Second, AR1 had a

higher tropopause (around 200 hPa in the AR1 ridge)

than AR2 (around 300hPa in the AR2 ridge). The pri-

maryQ1 extrema inAR1 peaked at higher altitudes with

taller heating centers than those in AR2.

In association with these distinctions, the NE Pacific

region experienced a heat source and a moisture sink

over the AR2 period, but underwent a heat sink and

moisture sink despite AR1. It remained, on average, a

heat sink andmoisture sink in January 2009. This implies

that although strong radiative cooling typically domi-

nates the heat budget of theNEPacific region in January

2009, it could be largely offset by latent heating through

strong oceanic precipitation, as seen in AR2. In addi-

tion, AR1-IWV had a weaker upward surface latent

heat flux and a downward sensible heat flux, as com-

pared to AR2-IWV. The contrast amplified in the AR

ridges. This might be related to a relative lack of strong

and persistent convection in the excessive warm and

moist AR1. Furthermore, dissimilarities in precipitation

coverage and the dominant convection types between

the two cases also translated to differences in CRF. In

AR1-IWV, shortwave cloud forcing Cs and longwave

cloud forcing Cl were comparable, resulting in small net

CRF. In AR2-IWV, excessive shortwave reflection re-

sulted in a more negative net CRF than AR1.

This study emphasized the roles of oceanic convection

embedded in ARs. The case studies showed that the con-

vection not only impacted the moisture transport of ARs,

but also modified the heat balance in the midlatitudes

through latent heat release, convective heat transport,

CRF, and air–sea interactions. Effects of these processes

can be used to develop and validate physical parame-

terizations and simulations of tropical–extratropical in-

teractions inweather and climatemodels. Therefore, as the

next step, statistical significance of the current results must

be established and expanded in a climatological study.

TABLE 3. As in Table 1, but for [Cs], [Cl], [OLR], and [CRF] (Wm22) during the AR1 and AR2 periods.

AR1 AR2

NE

Pacific

AR-

IWV

Outside

AR-IWV

Precipitating

AR ridge

NE

Pacific

AR-

IWV

Outside

AR-IWV

Precipitating

AR ridge

[Cs] 241.7 251.4 233.5 267.3 238.9 269.7 227.1 292.7

[Cl] 25.7 33.0 19.5 63.8 24.3 36.8 19.8 55.7

[OLR] 238.2 239.9 237.4 192.7 241.9 240.1 242.3 214.9

[CRF] 216.0 218.3 214.0 23.5 214.6 232.9 27.4 237.0
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