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ABSTRACT
On the basis of the total energy balance within an atmosphere–surface column, an attribution analysis is
conducted for the Northern Hemisphere (NH) atmospheric and surface temperature response to the northern
annular mode (NAM) in boreal winter. The local temperature anomaly in the European Centre for MediumRange Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim) is decomposed into partial temperature anomalies because of changes in atmospheric dynamics, water vapor, clouds, ozone, surface albedo,
and surface dynamics with the coupled atmosphere–surface climate feedback–response analysis method
(CFRAM). Large-scale ascent/descent as part of the NAM-related mean meridional circulation anomaly
adiabatically drives the main portion of the observed zonally averaged atmospheric temperature response,
particularly the tropospheric cooling/warming over northern extratropics. Contributions from diabatic processes are generally small but could be locally important, especially at lower latitudes where radiatively active
substances such as clouds and water vapor are more abundant. For example, in the tropical upper troposphere
and stratosphere, both cloud and ozone forcings are critical in leading to the observed NAM-related temperature anomalies. Radiative forcing due to changes in water vapor acts as the main driver of the surface
warming of southern North America during a positive phase of NAM, with atmospheric dynamics providing
additional warming. In the negative phase of NAM, surface albedo change drives the surface cooling of
southern North America, with atmospheric dynamics providing additional cooling. Over the subpolar North
Atlantic and northern Eurasia, atmospheric dynamical processes again become the largest contributor to the
NAM-related surface temperature anomalies, although changes in water vapor and clouds also contribute
positively to the observed surface temperature anomalies while change in surface dynamics contributes
negatively to the observed temperature anomalies.

1. Introduction
The northern annular mode (NAM) is characterized
by a deep, nearly barotropic seesaw in the isobaric surface geopotential height field between the Arctic and
surrounding midlatitudes (e.g., Thompson and Wallace
1998, 2000). Manifesting itself also as a surface pressure
dipole in the northern extratropics [i.e., the Arctic Oscillation (AO)], the NAM is closely tied to the subseasonal fluctuations in the strength of the meridional
mass circulation (Cai and Ren 2007). In the troposphere,
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the daily NAM index has a decorrelation time scale of
approximately 10 days, while the time scale of NAMlike variability in the stratosphere is on the order of
several weeks (Feldstein 2000, 2002). The difference of
the intrinsic time scale between the tropospheric and
stratospheric NAM can be traced back to the differences
of the dynamical processes that initiate and maintain
the NAM-related zonal wind anomalies that are tied
to the geopotential height seesaw via geostrophic balance. The zonal wind anomalies of the tropospheric
NAM result from interactions between the zonal flow
and subweekly scale baroclinic eddies while those of
the stratospheric NAM are the consequences of interactions between the zonal flow and quasi-stationary
planetary waves (e.g., Holton and Mass 1976; Robinson
1991, 1994, 1996; Yu and Hartmann 1993; Lee and
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Feldstein 1996). Results from past studies suggest that
the tropospheric zonal flow perturbations associated
with the NAM and, subsequently, the meridional
meandering of the jet in the zonal mean zonal wind are
largely driven by westerly momentum fluxes of highfrequency baroclinic eddies (e.g., Robinson 1991, 1996;
Yu and Hartmann 1993; Lorenz and Hartmann 2001).
In addition to the zonal flow, the signature of the
NAM in the global atmospheric and surface temperature fields extends well beyond the Arctic and the
northern midlatitudes (Thompson and Wallace 2000,
2001). Previous studies have investigated the NAMassociated anomalies in the surface air temperature
(SAT) over the Northern Hemisphere (NH) middle and
high latitudes (Thompson and Wallace 1998; Gillett
et al. 2000), North America (Higgins et al. 2002; Wu
et al. 2006), Europe (Trigo et al. 2002), and East Asia
(Gong et al. 2001; Park et al. 2011). These analyses
showed that a positive (negative) phase of the NAM
induces warm (cold) SAT anomalies over Europe,
southern North America, and East Asia and cold (warm)
SAT anomalies over northern North America and the
Arctic. A positive NAM is also associated with weak
cooling (warming) in the tropical troposphere (stratosphere) (Thompson and Lorenz 2004), significant tropospheric warming over the northern midlatitudes, and
tropospheric and stratospheric cooling over the Arctic
that amplifies with height (Baldwin and Dunkerton 1999;
Thompson and Wallace 2000).
A large portion of the observed, zonally averaged
atmospheric temperature anomalies associated with the
NAM are believed to be dynamically driven because of
the colocation of the centers of anomalous ascent (descent) and cooling (warming) (Thompson et al. 2003).
For example, the midlatitude tropospheric warming is
induced adiabatically by anomalous descent that is driven
by anomalous divergence of eddy flux of westerly momentum over the subtropics and anomalous convergence over the polar region. Thompson and Wallace
(2000) pointed out that the warming of the tropical
tropopause during the positive phase of the NAM is
consistent with the weakening of the Brewer–Dobson
circulation in the lower stratosphere while the nearsurface warming between 558 and 758N mainly results
from anomalous warm advection over the Northern
Hemisphere landmass. The negative polarity of the NAM
also tends to cause an increase in the frequency of cold
air outbreaks (CAOs) in the United States—another
mechanism through which the NAM modulates SAT
anomalies adiabatically (e.g., Cellitti et al. 2006).
Despite a well-defined role of adiabatic and dynamical processes in generating the NAM-related temperature anomalies, it is important to recognize that the
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NAM also exerts a substantial impact on atmospheric
and surface variables active in diabatic processes. For
example, Delworth and Dixon (2000) and Bersch (2002)
showed that long-term trends and variability in the
NAM are coupled to the strength of the thermohaline
circulation and the distribution of cold subarctic water
and warm subtropical water in the North Atlantic. The
sea surface temperature (SST) anomalies due to changes
in oceanic circulation in turn affect evaporation and
precipitation, ultimately communicating with the NAM
through diabatic heating processes in the atmosphere
(Rodwell et al. 1999). Rodwell et al. (1999) also reported a northward shift and an intensification of the
North Atlantic storm track, which likely translates into
changes in regional cloudiness and atmospheric water
vapor content—two substances critical for determining
radiative heating in the atmosphere. Park and Leovy
(2000) confirmed in ship observations NAM-related,
significant anomalies of stratiform and convective clouds
over the North Atlantic. Miller et al. (2003) further proved
that the measured atmospheric outgoing longwave radiation (OLR) depends on the phase of the NAM and the
related changes in storminess, particularly over the North
Atlantic–Europe sector, the Indian Ocean, and the west
and central Pacific Ocean. The atmospheric moisture
budget of the northern extratropics, particularly of the
Arctic, was shown by Boer et al. (2001) and Groves
and Francis (2002) to be significantly influenced by the
NAM, mainly through changes in the intensity of the
mean meridional circulation in the northern extratropics.
Further, total column ozone, another radiatively active
substance, is found to be negatively correlated with the
NAM index with the maximum correlations appearing
over the Arctic and Siberia (Thompson and Wallace
2000). Additionally, Creilson et al. (2005) showed that
positive (negative) NAM contributes to an increase (decrease) of the total tropospheric ozone. The NAM variability is also closely tied to changes in sea ice (Rigor
et al. 2002; Stroeve et al. 2011) and snow cover (Bamzai
2003) and, thus, to surface albedo change.
Given the footprints NAM leaves in atmospheric
water vapor, clouds, ozone, surface heat flux, and albedo,
it remains a question how much the associated changes
in diabatic heating have contributed to the observed
NH temperature response to NAM, particularly at the
surface during boreal winter, when radiative processes
play a critical role in the balance of the surface energy
budget. The purpose of the present study is to answer
this question through a process-based decomposition of
the observed, NAM-related atmospheric–surface temperature anomalies utilizing the coupled atmosphere–surface
climate feedback–response analysis method (CFRAM).
CFRAM complements the traditional top-of-atmosphere
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approach for evaluating climate feedbacks (Lu and Cai
2009; Cai and Lu 2009). Here, for the first time, we adopt
CFRAM to understand the most important mode of
subseasonal variability in the northern extratropics. The
main objective is to obtain a quantitative assessment
of the relative importance of radiative and dynamical
forcing in generating NAM-related temperature anomalies and identify (if any) differences between atmospheric
and surface responses and among different geographical
locations. Section 2 of this paper outlines the application
of CFRAM to an attribution analysis of NAM-related
temperature variability, including descriptions of the data
used and analysis procedure. Main results are reported
and discussed in section 3, which focuses on the relative
roles individual radiative and dynamical processes play in
creating the observed atmospheric and surface temperature response to NAM. Section 4 gives some concluding
remarks.

2. Application of CFRAM for attributing
NAM-related temperature anomalies
The foundation of CFRAM is the total energy balance
within an atmosphere–surface column at a given horizontal location consisting of M atmospheric layers and
a surface layer (see Lu and Cai 2009 and Deng et al.
2012 for more details). Writing the total energy balance
equation separately for a winter monthly mean state
representative of a positive or negative NAM condition
(NAM1 or NAM2, respectively) and a condition free
of pronounced NAM variability (NAM0), then taking
the difference (D) between NAM1 (or NAM2) and
NAM0, we obtain
D

›E
5 DS 2 DR 1 DQnonradiative ,
›t

(1)

where E is the vertical profile of the total energy of the
atmosphere for the atmosphere–surface column and includes dry static energy, kinetic energy, and latent heat.
R is the vertical profile of the net divergence of longwave radiation flux and S represents the vertical profile
of the net convergence of shortwave radiation flux. For
all the layers above the surface layer, Qnonradiative is the
vertical profile of the convergence of total energy due
to turbulent, convective, and large-scale atmospheric
motions. For land surfaces, Qnonradiative largely corresponds to the gain of energy due to surface sensible and
latent heat fluxes, and soil heat diffusion also has minor
contributions to this term. For ocean surfaces, Qnonradiative
includes the net energy convergence in the entire ocean
column plus energy gain due to surface sensible and latent
heat fluxes. The elements of ›E/›t are the energy storage
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terms. All terms in Eq. (1) have units of watts per square
meter.
By neglecting the interactions among various radiative feedbacks, thus linearizing the radiative energy perturbation, we may express DS and DR as the sums of
partial radiative energy perturbations due to individual
radiative processes, that is,
DS ’ DS(w) 1 DS(c) 1 DS(a) 1 DS(O3 )
DR ’ DR(w) 1 DR(c) 1 DR(O3 ) 1

and

›R
DT .
›T

(2)

In Eq. (2) superscripts w, c, O3, and a stand for water
vapor, cloud, ozone, and surface albedo, respectively.
Elements of DT are the temperature differences in each
layer between the NAM1 (or NAM2) and NAM0, and
›R/›T is the Planck feedback matrix whose jth column
corresponds to the vertical profile of the perturbation
in the divergence of longwave radiation flux due to 1 K
warming at the jth layer from the NAM0 temperature
profile of an atmosphere–surface column. By substituting
Eq. (2) into Eq. (1), rearranging the terms, and multiplying both sides of the resultant equation by (›R/›TÞ21 ,
we obtain


›R
DT 5
›T

21

[D(S 2 R)(w) 1 D(S 2 R)(c) 1 D(S 2 R)(O3 )

1 DS(a) 1 DQ(atmos

dyn)

1 DQ(surface

dyn)

],
(3)

where DQ(atmos dyn) is zero at the surface layer, and in
the atmospheric layers DQ(atmos dyn) 5 2D(S 2 R)atmosphere ,
representing the vertical profile of the total energy perturbation in the atmosphere associated with atmospheric motions of all the scales and associated with the
heat storage anomalies (which is expected to be very
small); DQ(atmos dyn) is zero in atmospheric layers, and at
the surface layer DQ(surface dyn) 5 2D(S 2 R)surface , representing the energy perturbation at the surface due to
changes in oceanic circulations (for ocean grid points),
changes in soil heat diffusion (for land grid points), heat
storage anomalies, and surface turbulent sensible/latent
heat flux anomalies. On the basis of the linear decomposition principle, Eq. (3) enables us to express the vertical
profile of the temperature difference between NAM1 (or
NAM2) and NAM0 in the atmosphere–surface column
at a given horizontal location as the sum of the vertical
profiles of the partial temperature anomalies due to
(from left to right) changes in water vapor, clouds, ozone,
surface albedo, and changes in atmospheric and surface dynamical processes. Note that although
DQ(surface dyn) is zero in the atmosphere by definition,
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partial temperature anomalies due to changes in surface
dynamics are not necessarily zero throughout the
atmosphere–surface column because of the multiplication of DQ(surface dyn) by the inverse of the Planck feedback matrix, as shown in Eq. (3). The same idea applies
to DQ(atmos dyn) , which is zero at the surface layer, but the
partial temperature anomalies due to atmospheric dynamics are not necessarily zero at the surface. In other words,
the effect of energy perturbation due to surface dynamics is
felt throughout the atmosphere because of the longwave
radiative coupling between the surface and the atmosphere.
Similarly, atmospheric energy perturbation due to atmospheric dynamics influences the surface temperature because of the same coupling effect of longwave radiation.
We adopt the Fu–Liou radiative transfer model (e.g.,
Fu and Liou 1992, 1993) in the evaluation of the radiative energy perturbation terms and the Planck feedback
matrix in Eqs. (2) and (3). Variables required as input
to the radiative transfer model, including solar energy
fluxes at the top of the atmosphere, air–surface temperatures, specific humidity, ozone mixing ratio, cloud
amount, cloud liquid–ice water content, and surface albedo are all obtained from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim
Re-Analysis (ERA-Interim) (Uppala et al. 2008; Dee
et al. 2011). ERA-Interim is the latest global atmospheric
reanalysis covering the period 1979 to present and has
a horizontal resolution of 1.58 longitude 3 1.58 latitude,
with 37 pressure levels in the vertical ranging from 1000
to 1 hPa. Composite 3D and 2D fields used in radiative
transfer calculation representing the winter monthly
mean NAM1 (NAM2) and NAM0 conditions are constructed with the monthly mean ERA-Interim data in
January–March (JFM) for the period 1979–2010. The
positive, negative, and neutral NAM months are selected
based on the monthly AO index from the National
Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) (http://www.cpc.noaa.gov/
products/precip/CWlink/daily_ao_index/ao_index.html).
Specifically, a NAM1 (NAM2) month is identified when
the AO index of that month is at least one standard deviation above (below) the corresponding climatological
value, and a NAM0 month is found when the absolute
value of the index anomaly is less than half a standard
deviation. Following these criteria, a total of 21 (26)
NAM1 (NAM2) and 24 NAM0 months are identified
for the period 1979–2010 and used in constructing the
composites. In addition, we have made sure that the
NAM cases used in the composite analysis span roughly
evenly in different phases of El Ni~
no–Southern Oscillation (ENSO) and Quasi-Biennial Oscillation (QBO) to
minimize the interferences of ENSO and QBO with
the NAM (e.g., Plumb and Bell 1982; Coughlin and Tung
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2001; Chen and Wei 2009; Wang and Chen 2010). To
obtain the radiative energy perturbation due to a single
process, for example, DS(w) , we run the radiative transfer
model twice: first, we use the composite NAM0 state,
then we use the same composite NAM0 state, but replace the water vapor profile at every location with the
corresponding NAM1 or NAM2 composite. Subtracting the convergence of shortwave radiative flux of the
first run from the second run, we obtain DS(w) . The heat
storage change D(›E/›t) together with the energy perturbations due to atmospheric and surface dynamical
processes, are estimated as residuals from the total radiative energy perturbations. Note that the surface dynamics term in Eq. (3) includes changes in surface sensible
and latent heat flux, and it is thus a generic term incorporating all energy perturbations due to surfacerelated processes.

3. Results
Figure 1a shows the zonally averaged NH atmospheric temperature (color shading) and zonal wind
(contour) anomalies with respect to NAM0 for a composite NAM1 month. The strengthening of westerlies
in the polar region and the weakening of westerlies
in subtropics and midlatitudes are clearly captured by
the composite. Consistent with previous results based
on daily NAM indices (e.g., Thompson et al. 2003), the
polar troposphere to midstratosphere is characterized
by a deep cold anomaly with maximum cooling of ;3 K
found near the 150-hPa level. Strong warming occurs in
the polar upper stratosphere. Over the northern midlatitudes (308–608N), pronounced warming extends from
the lower troposphere to midstratosphere, while the upper stratosphere experiences cooling that is significant
based on the standard two-sample t test. In the tropics
and subtropics (08–308N), substantial cooling is found
in the troposphere, and the entire stratosphere shows
warm anomalies that peak in the lower-middle stratosphere (;1.5 K). Figure 1b presents the counterpart
NAM2 composite. A large degree of symmetry exists
between the NAM1 and NAM2 results, except for the
upper stratosphere (from tropics to midlatitudes), where
no statistical significance is obtained. The corresponding
surface temperature anomalies of NAM1 and NAM2
are plotted in Figs. 1c and 1d, respectively. In the NAM1
case, significant and pronounced warming is found over
southern North America (1008–708W, 258–458N) and
northern Eurasia (08–1208E, 458–708N), with peak amplitudes reaching ;2 and ;3 K, respectively (Fig. 1c).
The subpolar North Atlantic region (808–308W, 458–758N),
on the other hand, is characterized by major cooling on
the order of ;2.5 K (Fig. 1c). The NAM2 surface
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FIG. 1. Zonally averaged temperature (shading, K) and zonal wind (contour, m s21) anomalies in a composite (a) NAM1 and
(b) NAM2 month. Dotted regions and solid thick lines in (a) and (b) indicate the 90% level of statistical significance for temperature and
zonal wind, respectively. Surface temperature anomalies (K) in a composite (c) NAM1 and (d) NAM2 month. Dots in (c) and (d)
indicate the 90% level of statistical significance. The three boxes in (c) and (d) define the regions selected for PAP calculations in section
3b (see the text for more details).

temperature anomalies have a similar spatial distribution compared to those of NAM1, but with opposite
signs (Fig. 1d).

a. Zonally averaged temperature response to NAM
variability
The contributions of various radiative and dynamical
forcings to the zonally averaged temperature anomalies
shown in Fig. 1a are quantified in terms of the CFRAMderived local partial temperature anomalies and plotted
in Fig. 2. Note that at any latitude–pressure point the
sum of the six partial temperature anomalies displayed in
Figs. 2a–f almost equals the observed total temperature

anomaly (figures not shown), suggesting that the linearization of radiative energy perturbations in CFRAM
analysis, as described in section 2, is a reasonable approximation. As suggested by earlier studies, adiabatic,
atmospheric dynamical processes drive the atmospheric
temperature response to NAM. This is clearly demonstrated by the similarity of the spatial structure between
the partial temperature anomalies related to changes in
atmospheric dynamics (Fig. 2d, which is dominated by
adiabatic, dynamical processes) and the observed total
temperature anomalies in a composite NAM1 month
(Fig. 1a). The monthly mean meridional circulation anomalies, driven by anomalous eddy divergence of westerly
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FIG. 2. Zonally averaged partial temperature anomalies (K) in a composite NAM1 month due to changes in (a) surface dynamics,
(b) water vapor, (c) clouds, (d) atmospheric dynamics, (e) ozone, and (f) surface albedo.

momentum south of 458N and anomalous convergence
north of 458N in the upper troposphere, includes anomalous sinking motion over the midlatitudes and anomalous rising motion over the polar and tropical/subtropical
region. The associated adiabatic warming and cooling
largely account for the tropospheric warming in the
midlatitudes and cooling in the lower and higher latitudes. Above the lower stratosphere, the occurrence of
warm temperature anomalies in the tropics and Arctic
and cold anomalies in the northern midlatitudes are
also consistent with the corresponding centers of anomalous descent and ascent implied by the zonal wind
anomalies, respectively (Fig. 1a).

In the sense of a zonal average, radiative heating
processes generally have smaller contributions to the
observed NAM1 temperature anomaly, as evidenced
by the weak amplitudes of the corresponding partial
temperature anomalies. However, anomalous radiative
heating due to changes in surface dynamics, clouds, and
ozone can be locally important. Near the equator and
between the 200- and 50-hPa levels, cloud forcing induces warming of ;3 K (Fig. 2c), which, in combination
with ;0.5 K warming due to ozone changes (Fig. 2e),
counteracts dynamical cooling of ;2.5 K (Fig. 2d) and
ultimately leads to net warming of ;1 K in the tropical
upper troposphere–lower stratosphere (UTLS). North of
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FIG. 3. As in Fig. 2, but for a composite NAM2 month.

808N in the lower troposphere, dynamical warming
(largely related to adiabatic thermal advection, Fig. 2d)
is counteracted by cooling due to changes in both clouds
(Fig. 2c) and surface sensible/latent heat flux (Fig. 2a)
over the Arctic, leaving weak temperature anomalies
in this region. Ozone forcing also generates pronounced
negative partial temperature anomalies above the upper troposphere between 408 and 808N (Fig. 2e), reducing the amplitude of the observed warming that is
largely driven by atmospheric dynamics (Fig. 2d). Anomalous radiative heating due to changes in water vapor
(Fig. 2b) and surface albedo (Fig. 2f) has relatively weak
impacts on the atmospheric temperature response to
NAM1.

The counterpart partial temperature results for a composite NAM2 month are shown in Fig. 3. Similar to
the NAM1 case, atmospheric dynamics is the main
driver of the observed zonally averaged temperature
response (Fig. 3d). In the tropical UTLS, dynamical
cooling (Fig. 3d) and ozone cooling (Fig. 3e) counteract
cloud warming (Fig. 3c) and result in a weak yet significant total negative temperature anomaly in this region
(Fig. 1b). In the polar lower troposphere, anomalous
radiative heating associated with changes in surface
sensible/latent heat flux (Fig. 3a) and clouds (Fig. 3c)
work against atmospheric dynamics (Fig. 3d), producing
positive partial temperature anomalies that counteract
dynamical cooling. In contrast to the NAM1 case,
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significant warming due to ozone forcing is found north
of 308N throughout the entire atmosphere, with peak
amplitudes occurring in the UTLS between 308 and 458N.
Effects of water vapor (Fig. 3b) and surface albedo (Fig.
3f) again turn out to be weak.
To quantify the relative contributions of individual
processes to the spatial structure and mean amplitude
of the observed temperature anomaly over a specific
region, Deng et al. (2012) defined a pattern-amplitude
projection (PAP) coefficient. Here we adopt a slightly
modified PAP to measure the relative contributions of
the six dynamical and radiative forcings discussed above
to the observed temperature anomaly over selected
regions at each pressure level. Specifically, we may
write this new PAP coefficient as
21

PAPi 5 A

ð

a2 DT cosf dl df
ð
A21 a2 DTi DT cosf dl df
ðA
3
,
A21 a2 (DT)2 cosf dl df
A

(4)

A

where f and l are latitude and longitude, respectively;
a is the mean radius of the earth; and A is the area of
the region under consideration. The quantities DTi and
DT are two vectors whose elements are the observed
total temperature anomalies and partial temperature
anomalies, respectively, associated with the ith forcing
on 27 pressure levels at an individual grid point. The
vector PAPi thus contains the final PAP coefficients
corresponding to the ith forcing on 27 pressure levels.
The PAP coefficient is effectively the area-averaged,
observed temperature anomaly for a given region multiplied by a ‘‘pattern projection coefficient,’’ which goes
to 1 if summed over all the individual radiative and dynamical forcings. Therefore, by definition, the sum of
the six PAP coefficients at a single pressure level for a
given horizontal area gives the area-averaged, observed
temperature anomaly at that level.
We calculate PAPs for three zonal belts representing
deep tropics (08–108N), northern midlatitudes (308–608N),
and the Arctic (758–908N). The vertical profiles of the
PAPs are shown in Figs. 4 and 5 for the NAM1 and
NAM2 cases, respectively. It is quite clear that atmospheric dynamics determines most features of the vertical structure of the NAM1 and NAM2 temperature
responses. In the tropical midstratosphere (around the
70-hPa level), positive PAPs due to cloud and ozone
forcings dominate negative PAP associated with atmospheric dynamics and create a local peak of stratospheric
warming in this area (Fig. 4a). Midlatitude warming
driven by adiabatic dynamical processes attains its

5131

maximum amplitude in the upper troposphere where
water vapor and surface dynamics provide extra positive contributions and clouds show negative contributions (Fig. 4b). In the polar cap, dynamical cooling attains
its peak amplitude in the UTLS and water vapor adds
substantial warming in the midtroposphere (Fig. 4c).
In the NAM2 case, the only significant temperature
anomaly in the tropics is the UTLS cooling (Fig. 1b),
which is largely driven by changes in atmospheric dynamics and ozone (Fig. 5a). Cloud forcing produces
significant warming and reduces cooling in this region
(Fig. 5a). For the northern midlatitudes, the main difference between the NAM1 and NAM2 case lies in
the vertical structure of the PAPs associated with atmospheric dynamics: dynamical cooling in the NAM2 case
is pronounced throughout the middle to lower troposphere (Fig. 5b), while dynamical warming in the NAM1
case only shows a local maxima in the upper troposphere
(Fig. 4b). In the polar cap, the vertical profile of the PAP
associated with atmospheric dynamics is largely opposite
between the NAM1 and NAM2 case, indicating dynamical cooling and warming, respectively, that both
reach maximum strengths in the UTLS. In addition,
Figs. 4 and 5 show that the largest atmospheric temperature response to NAM variability occurs over the
Arctic and the smallest response is found over the midlatitudes (solid black curves in Figs. 4 and 5).

b. Surface temperature response to NAM variability
We next examine the attribution results for the NAMrelated NH surface temperature anomalies given in
Figs. 1c and 1d. As shown in Fig. 6 (NAM1) and Fig. 7
(NAM2), unlike the zonal average case discussed previously, atmospheric dynamics is no longer the sole
important process that determines the temperature response. Diabatic heating anomalies due to changes in
surface dynamics (over the land, most of these are related to changes in latent–sensible heat fluxes), water
vapor, clouds, and surface albedo all play substantial roles
in forming the observed regional temperature anomalies. The well-documented warming of southern North
America in a composite NAM1 month, for example, is
collectively caused by the ‘‘greenhouse’’ (longwave) effect of water vapor (Fig. 6b) and atmospheric dynamics (Fig. 6d). In the northern United States, the
positive partial temperature anomalies due to a decrease
in snow cover and thus a decrease of surface albedo
(Fig. 6f), also contributes positively to the warming of
southern North America. On the other hand, the cold
temperature anomaly observed over southern North
America during a composite NAM2 month mostly results from changes in surface albedo (largely related to
an increase of snow cover; Fig. 7f), water vapor (Fig. 7b),
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FIG. 4. Vertical profile of the PAP coefficients (color bars) associated with various radiative and dynamical forcing of the NAM1
temperature anomalies (K) in (a) 08–108N, (b) 308–608N, and (c) 758–908N. The solid black curves indicate the vertical profiles of the
observed temperature anomalies averaged over the respective zonal belts.

and clouds (Fig. 7c). Dynamical warming (cooling) still
dominates the NAM1 (NAM2) temperature anomaly
observed over northern Eurasia; however, cloud effect
provides a strong positive contribution to the warming
(cooling), and surface dynamical effect has a negative
contribution to the warming (cooling). Over the subpolar
North Atlantic, atmospheric dynamical processes induce
cooling (warming) in a composite NAM1 (NAM2)
month while water vapor and cloud forcings further
strengthen the cooling (warming) and surface dynamical forcing weakens the cooling (warming). Although
extremely weak, in a NAM1 (NAM2) month, ozone
forcing produces a warming (cooling) effect over nearly
the entire NH, except at the North Pole, where a cooling
(warming) effect is observed.

To further quantify the relative importance of individual forcings in forming the final surface temperature
response, PAP coefficients are calculated for southern
North America, subpolar North Atlantic, and northern
Eurasia, as defined by the three boxes in Figs. 1c and 1d.
The corresponding PAP values are shown as histograms in Fig. 8. Note that the sum of all six PAP values
associated with different forcings equals the observed
regional mean temperature anomaly. Over southern
North America, radiative forcing due to water vapor
change contributes 0.45 K to a regional mean surface
temperature anomaly of 0.58 K in a composite NAM1
month (Fig. 8a). Atmospheric dynamics adds 0.15 K
to the warming. Ozone and surface albedo forcings
provide weak positive contributions to the warming,
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FIG. 5. As in Fig. 4, but for a composite NAM2 month.

and cloud and surface dynamical forcings provide weak
negative contributions to the warming. In the NAM2
case (Fig. 8b), surface albedo change becomes the most
important factor in determining the surface temperature response, contributing 0.38 K to a total cooling
of 0.73 K. Cloud, water vapor, and atmospheric dynamics strengthen the cooling by 0.22, 0.17, and 0.19 K,
respectively. Providing the largest negative contribution, surface dynamics produces 0.25 K of warming.
The PAP value associated with ozone forcing is negative but very weak. In the subpolar North Atlantic, atmospheric dynamical forcing is the main driver of surface
temperature anomaly, contributing 1 K (0.9 K) to a total
cooling (warming) of 1.05 K (1.07 K) in a composite
NAM1 (NAM2) month (Figs. 8c,d). Contributions from
cloud and water vapor change are generally positive

with nearly equal amplitudes, adding additional cooling (warming) of ;0.45 K (;0.36 K) in the NAM1
(NAM2) case. Surface dynamics, on the other hand,
shows the largest negative contribution, weakening the
cooling (warming) by 0.82 K (0.57 K) in the NAM1
(NAM2) case. Contributions from surface albedo and
ozone forcing are very weak in the subpolar North
Atlantic. For northern Eurasia (Figs. 8e,f), atmospheric
dynamics drives a regional mean NAM1 (NAM2)
warming (cooling) of 1.8 K (1.5 K). Cloud and water
vapor change give the most and second most important
positive contribution to the final temperature anomaly,
while surface dynamics provides a major negative contribution to the surface temperature change. The overall
contributions from surface albedo and ozone change
are again small compared to other forcings. Comparing
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FIG. 6. Partial temperature anomalies (K) at the surface in a composite NAM1 month due to changes in
(a) surface dynamics, (b) water vapor, (c) clouds, (d) atmospheric dynamics, (e) ozone, and (f) surface albedo.
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FIG. 7. As in Fig. 6, but for a composite NAM2 month.
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FIG. 8. PAP coefficients associated with various radiative and dynamical forcing of the area-averaged surface
temperature anomalies (K) over (a),(b) southern North America, (c),(d) North Atlantic, and (e),(f) northern Eurasia.
The left (right) column corresponds to the composite NAM1 (NAM2) month.

the three regions, we may conclude that atmospheric
dynamics is clearly more important in driving surface
temperature responses in northern Eurasia and subpolar North Atlantic, while radiative processes associated with water vapor and surface albedo are critical
in forming the NAM-related surface temperature anomalies in southern North America.

4. Concluding remarks
This study adopts a new framework of CFRAM to
isolate contributions from individual radiative and dynamical forcings to the observed NH surface and atmospheric temperature anomalies associated with NAM
variability in boreal winter. PAP coefficients are calculated utilizing the local partial temperature anomalies
obtained through CFRAM to attribute regional mean
temperature anomalies to six forcings in association with
atmospheric dynamics, water vapor, cloud, ozone, surface albedo, and surface dynamics. The attribution results are presented for and compared between two cases:

zonally averaged atmospheric temperature response
and surface temperature response. As previous studies
have suggested, a large portion of the zonally averaged
temperature anomalies associated with NAM variability
are adiabatically driven by large-scale ascent/descent
as part of the mean meridional circulation change that
are initiated and sustained by anomalous divergence–
convergence of eddy flux of westerly momentum. This
is particularly true for the observed tropospheric warming (cooling) over northern midlatitudes (high latitudes).
Diabatic (radiative) heating anomalies due to changes in
water vapor, ozone, clouds, and surface albedo in association with NAM variability, however, could be locally
important. A good example is the tropical upper troposphere and stratosphere. The observed warming in this
region during a positive NAM phase is largely caused by
cloud and ozone forcing in the presence of substantial
atmospheric dynamical cooling. Ozone forcing also plays
a significant role in the observed cooling in the tropical UTLS during a negative NAM phase. The attribution results for NH surface temperature anomalies
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are different compared to the zonal average case. Three
regions characterized by significant NAM-related temperature anomalies are analyzed. While atmospheric
dynamics still plays the most important role in driving
the temperature anomalies over the subpolar North
Atlantic and northern Eurasia, radiative forcing associated with changes in water vapor turns out to be the
main factor that determines the observed warming
over southern North America in a composite NAM1
month, and surface albedo forcing is the main contributor to the cooling over this region in a composite
NAM2 month. Even for the subpolar North Atlantic
and northern Eurasia, forcings associated with changes
in cloud, water vapor, and surface dynamics are critical in leading to the final temperature response at the
surface.
We also want to stress here that despite the obvious
differences of the attributions results between the zonal
mean atmospheric temperature response and the surface temperature response, changes in atmospheric dynamical processes and the associated anomalous energy
divergence/convergence are fundamentally important
for generating all the NAM-related temperature variability. Because of the relative abundance of radiatively active substances (e.g., water vapor and clouds)
at lower altitudes and latitudes, dynamically driven
changes in these substances have the potential to excite
responses stronger than those due to the original dynamical forcing and thus serve as powerful feedbacks.
The role of water vapor in establishing the surface temperature response over southern North America is a
clear example demonstrating this fact.
The results presented here serve as a first step ‘‘audit’’
of the quantitative contributions of various radiative
and dynamical forcings to the observed temperature
anomalies associated with NAM variability. They demonstrate that CFRAM is an efficient ‘‘offline’’ approach
for evaluating and comparing the roles of multiple
forcing and feedback processes in creating the temperature response to dominant modes of low-frequency variability in the climate system. Future work will focus on
partitioning atmospheric dynamical forcing into components related to motions of different scales and understanding the connections between cloud and water
vapor–albedo forcing and atmospheric–oceanic circulation changes.
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