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Abstract The Northern Hemisphere Annular Mode

(NAM) represents the zonally symmetric planetary-scale

atmospheric mass fluctuations between middle and high

latitudes, whose variations have shown a large impact on

other components of the climate system. Previous studies

have indicated that the NAM is correlated with the Ferrel

cell in their monthly or longer timescale variability.

However, there have been few studies investigating their

connections at daily timescale, though daily variability of

NAM has been suggested to be an important component

and has significant implication for weather forecast. The

results from this study demonstrate that variability of the

Ferrel cell leads that of the NAM by about 1–2 days. This

statistically identified temporal phase difference between

NAM and Ferrel cell variability can be elucidated by

meridional mass redistribution. Intensified (weakened)

Ferrel cell causes anomalously smaller (larger) poleward

mass transport from the middle to the high latitudes,

resulting in an increase (a decrease) in mass in the middle

latitudes and a decrease (an increase) in the high latitudes.

As a consequence, anomalously higher (lower) poleward

pressure gradient forms and the NAM subsequently shifts

to a positive (negative) phase at a time lag of 1–2 days. The

findings here would augment the existing knowledge for

better understanding the connection between the Ferrel

Cell and the NAM, and may provide skillful information

for improving NAM as well as daily scale weather

prediction.
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1 Introduction

The Northern Hemisphere Annular Mode (NAM) is

defined as the leading empirical orthogonal function (EOF)

mode of the extratropical wintertime monthly sea level

pressure (SLP) anomalies in the Northern Hemisphere

(NH) [1, 2]. The NAM is characterized by its zonal sym-

metry, and represents the atmospheric mass difference

between middle and high latitudes, and is essentially an

internal atmospheric process that can be generated without

external forcing [3, 4]. Due to these intrinsic properties, the

NAM is usually treated as an important planetary-scale

external factor that heavily influences the local climate [5–

8] and other components of the climate system, such as

ocean currents [9], sea ice [10], and terrestrial ecosystems

[11].

To better understand NAM variability in zonally aver-

aged circulations, the connections between the NAM and

Ferrel cell have been studied over monthly and longer

timescales. Thompson and Wallace [2] suggested that

variation of the NAM is simultaneously correlated with

that of the Ferrel cell and the poleward branch of the

Hadley cell in month-to-month variability. Then Li and

Wang [12] detected the Ferrel cell variability in the context

of seasonal NAM fluctuations, and proposed that the
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anomalous Ferrel cell is the primary meridional circulation

bridging the two action centers of the NAM in zonally

averaged circulations. This means that the NAM is closely

connected with the Ferrel cell. However, few studies have

focused on their connections at daily timescale, even

though these daily timescale of around 10 days are known

to be the intrinsic timescale of the NAM [13–15] and the

daily variability of NAM has significant implication for

weather forecast. Consequently, further study of the con-

nections between the NAM and the Ferrel cell over short

timescales is required, as this will help to improve our

understanding of their internal linking processes, such as

the role played by the Ferrel cell in the lifecycle of the

NAM, etc. Furthermore, most studies focus on the

momentum transport processes of the NAM [4, 16, 17], but

few have considered mass transport processes related to the

NAM, so the study of mass transportation processes offers

a new perspective from which to develop our understand-

ing of NAM variability. As the intensity of the Ferrel cell

and NAM represent meridional mass transport, and mass

distribution between middle and high latitudes, respec-

tively, the study of links between the Ferrel cell and the

NAM over short timescales will improve our understanding

of mass transport and conservation processes within the life

cycle of the NAM. Motivated by these factors, we re-

investigate the connections between the NAM and the

Ferrel cell, paying special attention to the role of the Ferrel

cell in daily variability of the NAM and the related

atmospheric mass transport processes.

2 Data and methodology

The daily and monthly data used in this study were the

NCEP-NCAR reanalysis for 1958–2010 [18]. We focused

on the winter season (November-December-January-Feb-

ruary-March, NDJFM), which is the NAM’s active season

[2, 19]. The daily and monthly anomalies were obtained

by subtracting their long-term climatological annual cycle

calculated for the period 1958–2000. The NAM index

(NAMI) proposed by Li and Wang [12] was used in this

study, and is simply the normalized zonal mean differ-

ence in SLP between 35� and 65�N [20]. This NAMI

performs well in capturing the NAM patterns and in

capturing the relevant Ferrel cell variability. It should be

noted that the main results of this study are not depen-

dent on the choice of index, and that similar results are

obtained when using the traditional NAMI defined using

the EOF analysis from NOAA (ftp://ftp.cpc.ncep.noaa.

gov/cwlinks/).

The Hadley cell index (HCI), Ferrel cell index (FCI),

and Polar cell index (PCI) were used to represent the

intensity of the three meridional cells in the NH, and are

defined as the maximum zonal mean meridional stream

function (ZMSF) in the tropics (0�–30�N) [21–23], the

minimum ZMSF in the middle latitudes (30�–60�N), and

the maximum ZMSF in the polar regions (60�–90�N),

respectively. The ZMSF, used to estimate the zonal mean

meridional mass overturning circulation [21–23], is defined

as

ZMSF p;uð Þ ¼ 2pa cos uð Þ
g

Z Ps

P

v p;uð Þ½ �dp; ð1Þ

where v½ � is the zonally averaged meridional wind, P is

pressure, u is latitude, g is the Earth’s gravity, a is the

Earth’s radius, and Ps is surface pressure. As the ZMSF is

negative in middle latitudes (30�–60�N), the final value of

FCI is defined as a reversal of the minimum ZMSF in the

middle latitudes, such that an intensified Ferrel cell is

denoted by a larger value of the FCI.

Following the method proposed by Benedict et al. [24], a

series of 21-day-span positive- and negative-phase NAM

and Ferrel cell events were selected for composite analysis.

A positive (negative) NAM or Ferrel cell event covers a

21-consecutive-day period, and contains at least 2 consec-

utive days when the NAMI or FCI is greater (less) than 1.5

standard deviations. The period of the NAM or FCI event is

centered on the day with the highest (lowest) NAMI or FCI.

The center day is labeled as the zero day, and hereafter

labeled as the zero-lag day. The NAMI and FCI events were

all selected in winters (NDJFM) between 1958 and 2009

due to their activity in this season, but were discarded if they

extended into non-NDJFM months. Overall, the final

selection used in this study comprised 93 positive and 81

negative NAMI events, and 89 positive and 78 negative FCI

events.

3 General statistical relationship between the NAM

and Ferrel cell

To understand the general co-variability between the

NAM and the three meridional cells (Ferrel, Hadley, and

Polar) in the NH, we conducted an initial statistical ana-

lysis based on the winter-to-winter fluctuations. The

dominant feature was that the significant negative corre-

lations between the NAM and ZMSF occur in the middle

latitudes from 40� to 65�N (Fig. 1a). Relatively weak

positive and negative correlations occur in the subtropics

at approximately 10�–30�N, and in the polar region at

70�–85�N, respectively. A comparison with the wintertime

climatologic distribution of the three cells (Fig. 1b)

reveals that the largest correlation corresponds to the

geographic location of the Ferrel cell, although with a
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slight poleward shift. This suggests a tighter connection

between the NAM and the Ferrel cell than that between

the NAM and the Hadley or Polar cells, which is in good

agreement with previous studies [2, 12].

We made a further comparison between the NAM

and the three cells by examining their long-term time

series (Fig. 1c), and confirmed that the Ferrel cell is

connected most closely with the NAM. The temporal

correlation coefficient between NAMI and FCI reaches

0.61, which is much higher than that between NAMI and

either HCI (0.11) or PCI (0.36), suggesting that the

Ferrel cell has the most synchronous variation with the

NAM.

The remarkable similarity between the Ferrel cell and

NAM variability can also be verified through their

responses to changes in surface pressure (Fig. 2). The

correlation coefficient between NAMI or FCI and winter-

time surface pressure was calculated at each latitude [25].

Both the FCI and the NAMI have high negative values in

the middle and high latitudes north of approximately 50�–

55�N, and have high positive values in the middle and low

latitudes south of 50�–55�N, indicating that both FCI and

NAMI are associated with the mass diverging at middle

and high latitudes, and the mass converging at middle and

low latitudes. The meridional correlation coefficient

between the NAMI and FCI curves in Fig. 2 reaches 0.87.

This close correspondence indicates that the atmospheric

mass distribution has very similar responses to the varia-

tions of the Ferrel cell and the NAM.

Fig. 1 a Map of correlation between the global zonal mean meridional stream function (ZMSF) in the winter (NDJFM) and NAMI for the period

1958–2010. Values above the 95 % confidence level are contoured (0.1 per contour interval); b Climatological global ZMSF for the same time

period (unit: 1010 kg s-1; heavy lines denote zero); c Three time series: normalized wintertime (DJF) NAMI with (top) the Ferrel cell index

(FCI), (middle) the Hadley cell index (HCI), and (bottom) the Polar cell index (PCI). The correlation (R) between each pair of lines is presented

at the end of the series and all exceed the 95 % confidence level

Fig. 2 Correlations between winter (NDJFM) surface pressure

anomalies and the FCI (solid line) and NAMI (dashed line) for

1958–2010
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4 Daily fluctuations of the Ferrel cell precede those

in the NAM

Although the high correlation between the Ferrel cell and

the NAM in monthly and seasonal fluctuations has been

observed in previous studies [2, 12], this does not mean

that the Ferrel cell is varying synchronously with the NAM

over daily timescales.

The lead-lag correlation between the FCI and the

NAMI in daily data from the past 53 winters is shown in

Fig. 3a. The significant positive lead-lag correlation

between them reaches a maximum when the FCI precedes

the NAMI by 1–2 days, and drops at the zero-lag day.

This suggests that the variation of the NAM responds to

the variation of the Ferrel cell about 1–2 days later, or the

variation of the Ferrel cell precedes that of the NAM by

about 1–2 days.

Figure 3b also shows that the variation of the Ferrel cell

precedes that of the NAM. The value on each calendar day

(365 days) is the lead-lag correlation coefficient between

FCI and NAMI over the past 53 years, and a significant

positive correlation occurs on most calendar days. Typi-

cally, the significant values first appear when FCI leads

NAMI by about one week, attain a maximum when FCI

leads NAMI by about 1–2 days, then drops at the 0-lag day,

as in Fig. 3a. Specifically, the significant lead-lag correla-

tions during winter and early spring (DJFM) days first

occur at an interval of more than two weeks, which is much

earlier than that for the other seasonal calendar days. In

addition, the lead-lag correlation values during late autumn

and early winter (ND) are much stronger than those during

other seasons. Therefore, the situation in which variation of

the Ferrell cell precedes the NAM is a common phenom-

enon all year round, and this lead-lag relationship is

especially strong in the active season of the NAM

(NDJFM).

Time series of FCI and NAMI in observations during

two sample time periods (Fig. 4) are also shown as

examples to verify the above statistical lag relationship.

During the period between 1 and 16 December 1984

(Fig. 4a), the variations of NAMI and FCI show both

positive and negative phases. Over the whole period, the

variation of FCI precedes NAMI by about one day.

Similarly, this FCI-preceding-NAMI relationship also

occurs during the period 4–21 December 1987, except

that the preceding time at the beginning of the episode is

about two days instead of one day. Thus, the lag rela-

tionship between the variation of the NAM and the

Ferrel cell can be considered to be reliable, as it has

been demonstrated to exist in real-time daily weather

data.

Fig. 3 Lag correlations between the FCI and the NAMI a for all

winter days and b on the 365 calendar days (or 12 calendar months) of

the 53 years between 1958 and 2010. Values above the 95 %

confidence level are shaded in both panels. The effective degrees of

freedom are estimated [40] in the top panel, considering its large

sample number (6,360 days). Negative (positive) lag days denote FCI

leading (lagging) NAMI. The FCI leads NAMI, in both cases, by at

least one day

Fig. 4 Time series of FCI and NAMI during the periods a 1–16

December 1984, and b 4–21 December 1987
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5 Theoretical analysis of the lag relationship

between the Ferrel cell and the NAM over short

timescales

To verify the existence of a statistical lag relationship

between the Ferrel cell and the NAM, a theoretical analysis

based on the surface pressure tendency equation [26] was

also conducted. The left and right sides of the zonally

averaged surface pressure tendency equation (Eq. (2))

represent the variation of the NAM and the Ferrel cell,

respectively:

oC

ot
� B; ð2Þ

C ¼ Ps½ �; ð3Þ

B ¼
Z 0

Ps

½D�dp; ð4Þ

where the Ps½ � denotes the zonal average, and D½ � ¼ o v½ �
oy

represents the zonally averaged meridional component of

convergence. The left hand side of Eq. (2), (oC
ot

), represents

variation of zonally averaged pressure at both NAM’s

action centers, while the right side, B, mainly represents the

variation of the Ferrel cell. As the total convergence of mass

in the troposphere (
R 200 hPa

Ps
½D�dp; the 200 hPa isobaric

surface is near the tropopause at middle and high latitudes)

is much larger than that in the stratosphere (
R 0

200 hPa
½D�dp),

this results in B �
R 200 hPa

Ps
½D�dp; and

R 200 hPa

Ps
½D�dp ¼ w½ �

[26, 27], and so B � ½w�, where w½ � represents the variation

of the Ferrel cell at middle and high latitudes. Therefore,

Eq. (2) indicates that the variation of the NAM or surface

pressure at middle and high latitudes is mainly determined

by the intensity of the Ferrel cell.

Following the method of Cai and Ren [28], the preceding

relationship between the temporal evolution of the Ferrel

cell and the NAM can be interpreted according to the

perturbation solution of Eq. (2), oC
ot
� B. For a temporal

fluctuation of a single harmonic signal (e.g., if B
0 ¼

A cosðly� np� ktÞ, then C
0 ¼ Ps½ �

0
/ A
�k

sinðly� np� ktÞ
where l [ 0, n [ 0; and k [ 0), the surface pressure

anomalies (C
0 ¼ Ps½ �

0
) should be about a quarter ( p

2k
¼ 1

4
2p
k

)

period lag behind the total column convergence anomalies

(B
0 ¼

R 200 hPa

Ps
½D�0dpþ

R 0

200 hPa
½D�0dp �

R 200 hPa

Ps
½D�0dp). As

the variation of the total convergence of mass in the tropo-

sphere (
R 200 hPa

Ps
½D�0dp) represents that of the Ferrel cell at

middle and high latitudes, the variation of surface pressure

(or the NAM) should also lag behind the Ferrel cell by about

a quarter ( p
2k

) period. Consequently, the lag relationship

between the daily variations of the NAM and the Ferrel cell

appears reasonable.

The observed lag time of about 1–2 days is also rea-

sonable according to Eq. (2). For a daily NAM event with

timescales of around 10 days, the lag of about a quarter

period equals the lag of about 2.5 days. Attribute to the

tropospheric atmosphere has the shorter variation time-

scales than the stratospheric and upper atmosphere [29,

30], the preceding time in the troposphere is shorter than

that in the stratosphere and upper levels. Specifically, the

lead-time (t0) of tropospheric convergence anomalies (or

Ferrel cell anomalies) is less than a quarter period (t0\ p
2k

).

For the daily NAM events with timescales of around 10

days, this preceding time of the Ferrel cell or tropospheric

convergence anomalies ( D½ �
0
) to the NAM or surface

pressure anomalies ( Ps½ �
0
) is consequently less than 2.5

days. Therefore, both the lag relationship and the observed

lag of 1–2 days between the NAM and Ferrel cell appear to

be reasonable.

6 Physical interpretations of the preceding variation

of the Ferrel cell in the NAM’s phase transition

from a mass viewpoint

In the above section, the lag relationship and the number of

lag days between the variation of the Ferrel cell and the

NAM for daily events were both verified using a pressure

tendency equation. The lag relationship between them is

difficult to detect over monthly or longer timescales, but is

important if we are to increase our understanding of their

physical connection process from a mass viewpoint.

However, the physical explanation of this lag relationship

between the Ferrel cell and the NAM remains to be clari-

fied. To investigate this point, we composited the anoma-

lous FCI, NAMI, Ps, and tropospheric ZMSF (TZMSF)

according to the temporal evolution of the daily events of

both FCI and NAMI.

The lag relationship and number of lag days between the

Ferrel cell and the NAM are captured well by the com-

posited lines of FCI and NAMI in Fig. 5. In the positive

FCI or NAM events, the intensity of the Ferrel cell (red

lines in Fig. 5a and c) increases prior to the NAM (blue

lines in Fig. 5a and c), attains its maximum value 1–2 days

before the NAM does, and then drops before the NAM

does. Similarly, in the negative Ferrel cell and NAM events

(Fig. 5b and d), the variation of the Ferrel cell precedes the

NAM. So, the lag relationship between the Ferrel cell and

the NAM in the composited maps (Fig. 5) coincides with

that in the lead-lag correlation maps (Fig. 3).

We also noticed that the composited TZMSF (color

shaded) and Ps (contours) at middle and high latitudes

captures the simultaneous variation of mass transport

associated with the Ferrel cell and mass redistribution
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associated with the NAM very well, as shown in Fig. 5.

The TZMSF is the integral of the zonally averaged

meridional mass flux from the tropopause (near 200 hPa at

middle and high latitudes) downward to the Earth’s sur-

face at middle and high latitudes, TZMSF p;uð Þ ¼
2pa cos uð Þ

g

R Ps

200 hPa
v p;uð Þ½ �dp; while Ps is the surface pressure

and represents the total mass above the surface. As shown

in Fig. 5, the TZMSF at middle and high latitudes has a

synchronous variation with the FCI (red curves), while the

surface pressure (Ps) at middle and high latitudes repre-

sents the mass variation in the two action centers of the

NAM and both have synchronous variations with NAMI

(blue curves). Therefore, the TZMSF and Ps at middle and

high latitudes is a synchronous measurement of the inten-

sity of the Ferrel cell and the NAM, respectively.

As the Ferrel cell and the NAM represents mass trans-

port and mass redistribution, respectively, at middle and

high latitudes, we can observe from Fig. 5 that the physical

process represented by the lag relationship is the preceding

mass transport associated with the Ferrel cell that causes

the consequent mass redistribution associated with the

phase transition of the NAM. In positive FC and NAM

events (Fig. 5a and c), negative TZMSF occurs at middle

latitudes around 30�–60�N, indicating that the atmospheric

Fig. 5 Composite anomalies (tropospheric net meridional mass flux (109 kg s-1): shading; surface pressure (hPa): contours) as a function of

latitude (abscissa) and time (ordinate: day), and the accordingly normalized composite FCI (red line) and NAMI (blue line) for: a positive FCI

events, b negative FCI events, c positive NAM events, and d negative NAM events. A negative value on the ordinate indicates the day before the

peak value of the event, and vice versa
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mass in the troposphere is transported equatorward from

middle and high latitudes to middle and low latitudes by

the anomalous Ferrel cell, which causes a subsequent

atmospheric mass redistribution 1–2 days later with the

mass accumulating in the middle latitudes (ca. 35�N) and

dissipating at high latitudes (ca. 65�N). This kind of mass

redistribution is represented by an anomalous positive Ps at

middle latitudes and a negative Ps at high latitudes; i.e., a

positive NAM. Similarly, in negative FC and NAM events

(Fig. 5b and d), the processes are reversed, and the

anomalously negative Ferrel cell transports the mass from

middle and low latitudes back to middle and high latitudes,

subsequently resulting in a negative NAM. Therefore, the

lag relationship between the Ferrel cell and the NAM is a

reflection of the preceding meridional transfer of atmo-

spheric mass back and forth between middle and high

latitudes, and this meridional mass transfer causes the

subsequent mass redistribution at middle and high lati-

tudes, resulting in the phase transition of the NAM.

This result is well supported by the study of Haynes and

Shepherd [31], who demonstrated theoretically that

meridional circulations will transport mass and so cause

variations in surface pressure. It also indicates that the lag

relationship between the Ferrel cell and the NAM has an

explicit physical meaning.

7 Discussion and conclusions

In this study, the connections of the NAM with the Ferrel,

Hadley, and Polar cells have been re-investigated. We have

demonstrated that the Ferrel cell (of the three cells) has the

most synchronous seasonal variations with the NAM, and

this is in good agreement with previous studies [2, 12]. We

attribute this largely to the location of the Ferrel cell, whose

ascending and descending branches happen to form a bridge

across the NAM’s two action centers, or the two so-called

annular belts of action in the NH [12]. Further study found

that daily variation of the Ferrel cell precedes that of the

NAM by 1–2 days. This lag relationship, and the number of

lag days, were found to be reasonable and were verified

using the surface pressure tendency equation. This lead-lag

relationship is difficult to detect on monthly or longer

timescales, but is important if we are to improve our

knowledge of the mass transport processes and physical

connections between the NAM and general circulations,

especially the role played by the Ferrel cell in daily vari-

ability of the NAM. Through the compositing of the tem-

porary evolution of mass flux and surface pressure under the

context of the daily fluctuations of the NAM and the Ferrel

cell, we revealed that this statistically identified temporal

phase difference between NAM and Ferrel cell variability

can be elucidated by meridional mass redistribution. The

preceding variation of the Ferrel cell indicates the leading

meridional mass transport between middle and high lati-

tudes, which causes changes in mass redistribution between

middle and high latitudes, and results in the phase transition

of the NAM 1–2 days later. Therefore, the lag relationship

between the NAM and the Ferrel cell has a physical

meaning and it indicates the preceding mass transport

associated with the anomalous Ferrel cell causes the con-

sequent phase mass redistribution associated with the

transition of the NAM.

This study focused on daily timescales from the view-

point of meridional mass transport and conservation, which

is helpful in extending our understanding of the connec-

tions between the NAM and Ferrel cell variability. Our

study also supports previous findings related to the con-

nection between the NAM and the Ferrel cell. For example,

Xiao et al. [32] found that the decadal variation of the

NAM in the mid-1980s was accompanied by that of the

Ferrel cell and that of the meridional mass exchange

between middle and high latitudes. Their conclusions are

supported by the existence of the lag relationship (dem-

onstrated here) between the Ferrel cell and the NAM over

short timescales. Thus, the results of this study place the

related previous work in a more rounded context.

The NAM is difficult to be predicted because of the low

predict probability of the atmospheric process in middle

and high latitudes [33–37]. After the stratospheric signals

are seen as an efficient predictor of NAM [29, 38–40], the

prediction of the NAM variability attracts more and more

considerable attention. The lag relationship documented in

this study implies that the intensity of Ferrel cell may act as

another new predictor for the NAM and local weather

systems. Therefore, the results in this study may help to

improve the operational prediction systems of the NAM

and local weather. One question also arises: what is the

skill of the Ferrel cell in short-weather and extended-range

weather forecasts? Further work will be required to answer

this question.
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