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ABSTRACT 25 

 26 
 Based upon the total energy balance within an atmosphere-surface column, an attribution 27 

analysis is conducted for the Northern Hemisphere (NH) atmospheric and surface temperature 28 

anomalies associated with the Northern Annular Mode (NAM) in boreal winter. Local 29 

temperature anomaly is decomposed into partial temperature anomalies due to changes in 30 

atmospheric dynamics, water vapor, clouds, ozone, surface albedo and surface dynamics. Large-31 

scale ascent/descent as part of the NAM-related mean meridional circulation anomaly drives 32 

adiabatically a large portion of the observed zonally-averaged atmospheric temperature response, 33 

particularly the tropospheric warming/cooling over northern extratropics. Contributions from 34 

diabatic processes are generally small but could be locally important especially at lower latitudes 35 

where radiatively-active substances such as clouds and water vapor are more abundant. For 36 

example, in the upper-troposphere-lower-stratosphere (UTLS) of the tropics, both cloud and 37 

ozone forcing are critical in leading to the observed warming (cooling) during a positive 38 

(negative) phase of NAM. Radiative forcing due to changes in water vapor (surface albedo) acts 39 

as the main driver of the surface warming (cooling) of southern North America during a positive 40 

(negative) phase of NAM with atmospheric dynamics providing additional warming (cooling). 41 

Over the sup-polar North Atlantic and northern Eurasia, atmospheric dynamical processes again 42 

become the largest contributor to the NAM-related surface temperature anomalies, however 43 

diabatic heating anomalies due to changes in water vapor and clouds (surface dynamics) serve as 44 

significant positive (negative) feedbacks to the total temperature response at the surface.  45 

 46 

 47 

 48 
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1. Introduction 49 

The Northern Annular Mode (NAM) is characterized by a deep, nearly barotropic seesaw 50 

in the isobaric-surface geopotential height field between the Arctic and surrounding midlatitudes 51 

(e.g., Thompson and Wallace 1998; 2000). Manifesting itself also as a surface pressure dipole in 52 

the northern extratropics (i.e., the Arctic Oscillation (AO)), the NAM is closely tied to the 53 

subseasonal fluctuations in the strength of the meridional mass circulation (Cai and Ren 2007). 54 

In the troposphere, the daily NAM index has a de-correlation timescale of approximately 10 days 55 

while the timescale of NAM-like variability in the stratosphere is on the order of several weeks 56 

(Feldstein 2000; 2002). The difference of the intrinsic timescale between the tropospheric and 57 

stratospheric NAM can be traced back to the differences of the dynamical processes that initiate 58 

and maintain the NAM-related zonal wind anomalies (tied to the geopotential height seasaw via 59 

geostrophic balance) – the zonal wind anomalies of the tropospheric NAM result from 60 

interactions between the zonal flow and sub-weekly-scale baroclinic eddies while those of the 61 

stratospheric NAM are the consequences of interactions between the zonal flow and quasi-62 

stationary planetary waves (e.g., Holton and Mass 1976; Robinson 1991; 1994; 1996; Yu and 63 

Hartmann 1993; Lee and Feldstein 1996). Results from past studies suggest that the tropospheric 64 

zonal flow perturbations associated with the NAM and subsequently the meridional meandering 65 

of the jet in the zonal-mean zonal wind are largely driven by westerly momentum fluxes of high-66 

frequency baroclinic eddies (e.g., Robinson 1991; 1996; Yu and Hartmann 1993; Lorenz and 67 

Hartmann 2001).  68 

In addition to the zonal flow, the signature of the NAM in the global atmospheric and 69 

surface temperature field also received substantial attention in the literature, demonstrating that 70 

the influence of the NAM extends well beyond the Arctic and the northern midlatitudes 71 
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(Thompson and Wallace 2000; 2001). Previous studies have investigated the NAM-associated 72 

anomalies in the surface air temperature (SAT) over the Northern Hemisphere mid- and high-73 

latitudes (Thompson and Wallace 1998; Gillett et al. 2000), North America (Higgins et al. 2002; 74 

Wu et al. 2006), Europe (Trigo et al. 2002) and East Asia (Gong et al. 2001; T-W Park et al. 75 

2011). These analyses showed that a positive (negative) phase of the NAM induces warm (cold) 76 

SAT anomalies over Europe, southern North America, East Asia and cold (warm) SAT 77 

anomalies over northern North America and the Arctic. A positive NAM is also associated with 78 

weak cooling (warming) in the tropical troposphere (stratosphere) (Thompson and Lorenz 2004), 79 

significant tropospheric warming over the northern midlatitudes, and tropospheric and 80 

stratospheric cooling over the Arctic that amplifies with height (Baldwin and Dunkerton 1999; 81 

Thompson and Wallace 2000).  82 

In the sense of a zonal average, a large portion of the observed atmospheric temperature 83 

anomalies associated with the NAM are believed to be dynamically driven due to the co-location 84 

of the centers of anomalous ascent (descent) and cooling (warming) (Thompson et al. 2002). For 85 

example, the midlatitude tropospheric warming is induced adiabatically by anomalous descent 86 

that is driven by anomalous divergence (convergence) of eddy flux of westerly momentum over 87 

the subtropics (polar region). Thompson and Wallace (2000) pointed out that the warming of the 88 

tropical tropopause during the positive phase of the NAM is consistent with the weakening of the 89 

Brewer-Dobson circulation in the lower stratosphere while the near surface warming between 90 

55°N and 75°N mainly results from anomalous warm advection over the Northern Hemisphere 91 

(NH) landmass. The negative polarity of the NAM also tends to cause an increase in the 92 

frequency of cold air outbreaks (CAOs) in the U.S. – another mechanism through which the 93 

NAM modulates SAT anomalies adiabatically (e.g., Cellitti et al. 2006).  94 
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Despite a well-defined role of adiabatic and dynamical processes in generating the NAM-95 

related temperature anomalies, it is important to recognize that the NAM also exerts a substantial 96 

impact on atmospheric and surface variables active in diabatic processes. For example, Delworth 97 

and Dixon (2000) and Bersch (2002) showed that long-term trends and variability in the NAM 98 

are coupled to the strength of the thermohaline circulation and the distribution of cold subarctic 99 

water and warm subtropical water in the North Atlantic. The sea surface temperature (SST) 100 

anomalies due to changes in oceanic circulation in turn affect evaporation and precipitation, 101 

ultimately communicating with the NAM through diabatic heating processes in the atmosphere 102 

(Rodwell et al. 1999). Rodwell et al. (1999) also reported a northward shift and an intensification 103 

of the North Atlantic storm track which likely translate into changes in regional cloudiness and 104 

atmospheric water vapor content – two substances critical for determining radiative heating in 105 

the atmosphere. Park and Leovy (2000) confirmed in ship observations NAM-related, significant 106 

anomalies of stratiform and convective clouds over the North Atlantic. Miller et al. (2003) 107 

further proved that the measured atmospheric outgoing longwave radiation (OLR) depends on 108 

the phase of the NAM and the related changes in storminess, particularly over the North 109 

Atlantic-Europe sector, the Indian Ocean and the west and central Pacific Ocean. The 110 

atmospheric moisture budget of the northern extratropics, particularly of the Arctic was shown 111 

by Boer et al. (2001) and Groves and Francis (2002) to be significantly influenced by the NAM 112 

mainly through changes in the intensity of the mean meridional circulation in the northern 113 

extratropics. Further, total column ozone, another radiatively-active substance, is found to be 114 

negatively correlated with the NAM index with the maximum correlations appearing over the 115 

Arctic and the Siberia (Thompson and Wallace 2000). Creilson et al. (2005) further showed that 116 

positive (negative) NAM contributes to an increase (decrease) of tropospheric ozone. The NAM 117 
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variability is also closely tied to changes in sea-ice (Rigor et al. 2002; Stroeve et al. 2011) and 118 

snow cover (Bamzai 2003) thus surface albedo change.  119 

Given the footprints NAM leaves in atmospheric water vapor, clouds, ozone, surface heat 120 

flux and albedo, it remains a question how much the associated-changes in diabatic heating have 121 

contributed to the observed NH temperature response to NAM, particularly at the surface during 122 

boreal winter when radiative processes play a critical role in the balance of the surface energy 123 

budget. The purpose of the present study is to answer this question through a process-based 124 

decomposition of the observed, NAM-related atmospheric/surface temperature anomalies 125 

utilizing the coupled atmosphere-surface climate feedback-responses analysis method (CFRAM). 126 

CFRAM was originally formulated as a new framework, complementing the traditional TOA 127 

approach, for evaluating climate feedbacks (Lu and Cai 2009; Cai and Lu 2009). Here for the 128 

first time we adopt CFRAM to understand the most important mode of subseasonal variability in 129 

the northern extratropics. The main objective is to obtain a quantitative assessment of the relative 130 

importance of radiative and dynamical forcing in generating NAM-related temperature 131 

anomalies and identify (if any) differences between atmospheric and surface response and among 132 

different geographical locations. Following this introduction, Section 2 outlines the application 133 

of CFRAM to an attribution analysis of NAM-related temperature variability, including 134 

descriptions of the data used and analysis procedure. Main results are reported and discussed in 135 

Section 3 focusing on the relative roles individual radiative and dynamical processes have played 136 

in creating the observed atmospheric and surface temperature response to NAM. Section 4 gives 137 

some concluding remarks. 138 

2.  Application of CFRAM for attributing NAM-related temperature anomalies  139 

 The foundation of CFRAM is the total energy balance within an atmosphere-surface 140 
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column at a given horizontal location and consisting of M atmospheric layers and a surface layer 141 

(see Lu and Cai 2009 and Deng et al. 2012 for more details). Writing the total energy balance 142 

equation separately for a winter monthly-mean state representative of a positive or negative 143 

NAM condition (NAM+ or NAM-, respectively) and a condition free of NAM variability 144 

(NAM0) then taking the difference () between NAM+ (or NAM-) and NAM0, we obtain                         145 

                                            radiativenonQRS
t

E 



                                                 (1) 146 

where )(SR is the vertical profile of the net divergence (convergence) of long-wave (short-wave) 147 

radiation flux within individual layers. For all the layers above the surface layer, 
radiativenonQ 

 is 148 

the vertical profile of the convergence of total energy due to turbulent, convective and large-149 

scale atmospheric motions. At the surface, 
radiativenonQ 

corresponds to the loss of energy due to 150 

surface sensible and latent heat fluxes. Over ocean surfaces, it also includes the net energy 151 

convergence in the entire ocean column. The elements of 
t

E




are the energy storage terms.  All 152 

terms in Eq. (1) have units of 
2mW . 153 

By neglecting the interactions among various radiative feedbacks thus linearizing the 154 

radiative energy perturbation, we may express S and R as the sum of partial radiative energy 155 

perturbations due to individual radiative processes, i.e., 156 

  
)()()()( 3Ocw SSSSS    and T

T

R
RRRR

Ocw 





)()()( 3       (2)   157 

In Eq. (2) superscripts “w”, “c”, “O3” and “” stand for water vapor, cloud, ozone and surface 158 

albedo, respectively.  Elements of T are the temperature differences in each layer between the 159 

NAM+ (or NAM-) and NAM0, and 
T

R




 is the Planck feedback matrix whose j

th
 column 160 
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corresponds to the vertical profile of the perturbation in the divergence of long-wave radiation 161 

flux due to 1 K warming at the j
th

 layer from the NAM0 temperature profile. Substituting Eq. (2) 162 

into Eq. (1), rearranging the terms and multiplying both sides of the resultant equation by

1














T

R
, 163 

we obtain, 164 

        )_()_()()()()(

1

3)()()( dynsurfacedynatmosOcw QQSRSRSRS
T

R
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   (3)                                                                                                                                                          165 

where )_( dynatmosQ is zero at the surface layer, and in the atmospheric layers, 166 

atmosphere

dynatmos RSQ )()_(  , representing the vertical profile of the total energy perturbation 167 

in the atmosphere associated with atmospheric motions of all the scales and associated with the 168 

heat storage anomalies (which is expected to be very small); 
)_( dynsurfaceQ  is zero in atmospheric 169 

layers and at the surface layer, surface

dynsurface RSQ )()_(   , representing the energy 170 

perturbation at the surface due to changes in oceanic circulations (over ocean), changes in soil 171 

heat diffusion (over land), heat storage anomalies, and surface turbulent sensible/latent heat flux 172 

anomalies. Based on the linear decomposition principle, (3) enables us to express the vertical 173 

profile of the temperature difference between NAM+ (or NAM-) and NAM0 in the atmosphere-174 

surface column at a given horizontal location as the sum of the vertical profiles of the partial 175 

temperature anomalies due to (from left to right) water vapor feedback, cloud feedback, ozone 176 

feedback, surface albedo feedback, and changes in atmospheric and surface dynamical processes.  177 

 We adopt the Fu-Liou radiative transfer model (e.g., Fu and Liou 1992; 1993) in the 178 

evaluation of the radiative energy perturbation terms and the Planck feedback matrix in Eqs. (2) 179 

and (3). Variables required as input to the radiative transfer model, including solar energy fluxes 180 

at the top of the atmosphere, air/surface temperatures, specific humidity, ozone mixing ratio, 181 
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cloud amount, cloud liquid/ice water content, and surface albedo are all obtained from the 182 

European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis Interim (ERA-183 

Interim, Uppala et al. 2008; Dee et al. 2011). ERA-Interim is the latest global atmospheric 184 

reanalysis covering the period 1979 to present and has a horizontal resolution of 1.5° longitude × 185 

1.5° latitude with 37 pressure levels in the vertical ranging from 1000 hPa to 1 hPa. Composite 186 

3D and 2D fields used in radiative transfer calculation representing the winter monthly-mean 187 

NAM+ (NAM-) and NAM0 condition are constructed with the monthly-mean ERA-Interim data 188 

in January-February-March (JFM) for the period 1979 to 2010. The positive, negative and 189 

neutral NAM months are selected based upon the monthly AO index from the National Oceanic 190 

and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) CPC 191 

(http://www.cpc.noaa.gov/products/precip/CWlink/daily_ao_index/ao_index.html). Specifically, 192 

a NAM+ (NAM-) month is identified when the AO index of that month is at least one standard 193 

deviation above (below) the corresponding climatological value, and a NAM0 month is found 194 

when the absolute value of the index anomaly is less than half a standard deviation. Following 195 

these criteria, a total of 21 (26) NAM+ (NAM-) and 24 NAM0 months are identified for the 196 

period 1979 to 2010 and used in constructing the composites. 197 

3. Results 198 

 Fig. 1a shows the zonally-averaged NH atmospheric temperature (color shading) and 199 

zonal wind (contour) anomalies in a composite NAM+ month. The strengthening (weakening) of 200 

westerly in the polar region (subtropics and midlatitudes) is clearly captured by the composite. 201 

Consistent with previous results based upon daily NAM indices (e.g., Thompson et al. 2002), the 202 

polar troposphere to mid-upper stratosphere is characterized by a deep cold anomaly with 203 

maximum cooling of ~ 3 K found near the 0.1 sigma level. Strong warming occurs in the polar 204 

http://www.cpc.noaa.gov/products/precip/CWlink/daily_ao_index/ao_index.html
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upper stratosphere. Over the northern midlatitudes (30°N-60°N), pronounced warming extends 205 

from lower troposphere to mid-stratosphere while upper stratosphere experiences significant 206 

cooling. In the tropics and subtropics (0-30°N), substantial cooling is found in the troposphere 207 

and the entire stratosphere shows warm anomalies that peak in the lower-mid stratosphere (~ 1.5 208 

K). Fig. 1b presents the counterpart NAM- composite. Large degree of symmetry exists between 209 

the NAM+ and NAM- results, except for the upper stratosphere (from tropics to midlatitudes) 210 

where no statistical significance is obtained with the standard two-sample t-test. The 211 

corresponding surface temperature anomalies of NAM+ and NAM- are plotted in Figs. 1c and 1d, 212 

respectively. In the NAM+ case, significant and pronounced warming is found over southern 213 

North America (100°W-70°W, 25°N-45°N) and northern Eurasia (0-120°E, 45°N-70°N) with 214 

peak amplitude reaching respectively ~ 2 K and ~ 3 K (Fig 1c). The sub-polar North Atlantic 215 

region (80°W-30°W, 45°N-75°N), on the other hand, is characterized by major cooling on the 216 

order of ~ 2.5 K (Fig. 1c). The NAM- surface temperature anomalies have a similar spatial 217 

distribution compared to those of NAM+ but with opposite signs (Fig. 1d).   218 

a. Zonally-averaged temperature response to NAM variability  219 

 The contributions of various radiative and dynamical forcing to the zonally-averaged 220 

temperature anomalies shown in Fig. 1a are quantified in terms of the CFRAM-derived local 221 

partial temperature anomalies and plotted in Fig. 2. Note that at any latitude-sigma point the sum 222 

of the six partial temperature anomalies displayed in Figs. 2a-2f almost equals the observed total 223 

temperature anomaly (figures not shown), demonstrating that the linearization of radiative 224 

energy perturbations in CFRAM analysis, as described in Section 2, is a reasonable 225 

approximation to make (figures not shown). As suggested by earlier studies, adiabatic, 226 

atmospheric dynamical processes drive the atmospheric temperature response to NAM. This is 227 
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clearly demonstrated by the similarity of the spatial structure between the partial temperature 228 

anomalies related to changes in atmospheric dynamics (Fig. 2d) and the observed total 229 

temperature anomalies in a composite NAM+ month (Fig. 1a). The monthly mean meridional 230 

circulation anomalies, driven by anomalous eddy divergence (convergence) of westerly 231 

momentum south (north) of 45°N in the upper troposphere, includes anomalous sinking motion 232 

over the midlatitudes and anomalous rising motion over the polar and tropical-subtropical region. 233 

The associated adiabatic warming and cooling largely account for the tropospheric warming 234 

(cooling) in the midlatitudes (lower and higher latitudes). Above the lower stratosphere, the 235 

occurrence of warm (cold) temperature anomalies in the tropics and Arctic (northern 236 

midlatitudes) is also consistent with the corresponding centers of anomalous descent (ascent) 237 

implied by the zonal wind anomalies (Fig. 1a).  238 

            In the sense of a zonal average, radiative heating processes generally have smaller 239 

contributions to the observed NAM+ temperature anomaly, as evidenced by the weak amplitudes 240 

of the corresponding partial temperature anomalies. However, anomalous radiating heating due 241 

changes in surface dynamics, clouds and ozone can be locally important. Near the equator and 242 

between 0.2 and 0.05 sigma level, cloud forcing induces warming of ~3 K (Fig. 2c), which in 243 

combination with ~0.5 K warming due to ozone changes (Fig. 2e), counteracts dynamical 244 

cooling of ~2.5 K (Fig. 2d) and ultimately leads to net warming of ~1 K in the tropical upper-245 

troposphere-lower-stratosphere (UTLS). North of 80°N in the lower troposphere, dynamical 246 

warming (largely related to adiabatic thermal advection, Fig. 2d) is counteracted by cooling due 247 

to changes in both clouds (Fig. 2c) and surface sensible/latent heat flux (Fig. 2a) over the Arctic, 248 

leaving a weak negative temperature anomaly in this region. Ozone forcing also generates 249 

significant negative partial temperature anomalies above the upper troposphere between 40°N 250 
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and 80°N (Fig. 2e) reducing the amplitude of the observed warming that is largely driven by 251 

atmospheric dynamics (Fig. 2d).  Anomalous radiative heating due to changes in water vapor 252 

(Fig. 2b) and surface albedo (Fig. 2f) has relatively weak impacts on the atmospheric 253 

temperature response to NAM+. 254 

            The counterpart partial temperature results for a composite NAM- month are shown in 255 

Fig. 3. Similar to the NAM+ case, atmospheric dynamics is the main driver of the observed 256 

zonally-averaged temperature response (Fig. 3d). In the tropical UTLS, dynamical cooling (Fig. 257 

3d) and ozone cooling (Fig. 3e) counteracts cloud warming (Fig. 3c) and results in a weak yet 258 

significant total negative temperature anomaly in this region (Fig. 1b). In the polar lower 259 

troposphere, anomalous radiative heating associated with changes in surface sensible/latent heat 260 

flux (Fig. 3a) and clouds (Fig. 3c) again work against atmospheric dynamics (Fig. 3d), producing 261 

positive partial temperature anomalies that counteract dynamical cooling. In contrast to the 262 

NAM+ case, significant warming due to ozone forcing is found north of 30°N throughout the 263 

entire atmosphere with peak amplitudes occurring in the UTLS between 30°N and 45°N. Effects 264 

of water vapor (Fig. 3b) and surface albedo (Fig. 3f) again turn out to be weak.      265 

  To quantify the relative contributions of individual processes to the spatial structure and 266 

mean amplitude of the observed temperature anomaly over a specific region, Deng et al. (2012) 267 

defined a pattern-amplitude projection (PAP) coefficient. Here we adopt a slightly modified PAP 268 

to measure the relative contributions of the six dynamical and radiative forcing discussed above 269 

to the observed temperature anomaly over selected regions at each sigma level. Specifically, we 270 

may write this new PAP coefficient as   271 
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where   and   are latitude and longitude, respectively; a  is the mean radius of the earth, and 273 

A  is the area of the region under consideration. iT  and T  are two vectors whose elements 274 

are respectively the observed total temperature anomalies and partial temperature anomalies 275 

associated with the i
th

 forcing on 27 sigma levels at an individual grid point. The vector 276 

iPAP thus contains the final PAP coefficients corresponding to the i
th

 forcing on 27 sigma levels. 277 

By definition, the sum of the six PAP coefficients at a single sigma level for a given horizontal 278 

area gives the area-averaged, observed temperature anomaly at that level. 279 

We calculate PAPs for three zonal belts representing deep tropics (0°-10°N), northern 280 

midlatitudes (30°N-60°N) and the Arctic (75°N-90°N). The vertical profiles of the PAPs are 281 

shown in Figs. 4 and 5 for the NAM+ and NAM- case, respectively. It is quite clear that 282 

atmospheric dynamics determines most features of the vertical structure of the NAM+ and 283 

NAM- temperature response. In the tropical UTLS, positive PAPs due to cloud and ozone 284 

forcing dominates negative PAP associated with atmospheric dynamics and creates a local peak 285 

of stratospheric warming in this area (Fig. 4a). Midlatitude warming driven by adiabatic 286 

dynamical processes attains its maximum amplitude in the upper troposphere where water vapor 287 

and surface dynamics (cloud) provides extra positive (negative) contributions (Fig. 4b). In the 288 

polar cap, dynamical warming attains its peak amplitude in the UTLS and water vapor adds 289 

substantial warming in the mid-troposphere (Fig. 4c). In the NAM- case, the only significant 290 

temperature anomaly in the tropics is the UTLS cooling (Fig. 1b), which turns out to be largely 291 

driven by changes in atmospheric dynamics and ozone (Fig. 5a). Cloud forcing produces 292 

significant warming and contributes negatively to the cooling in this region (Fig. 5a). For the 293 

northern midlatitudes, the main difference between the NAM+ and NAM- case lies in the 294 

vertical structure of the PAPs associated with atmospheric dynamics – dynamical cooling in the 295 
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NAM- case is pronounced throughout the mid-lower troposphere (Fig. 5b) while dynamical 296 

warming in the NAM+ case only shows a local maxima in the upper troposphere (Fig. 4b). In the 297 

polar cap, the vertical profile of the PAP associated with atmospheric dynamics is largely 298 

symmetric between the NAM+ and NAM- case, indicating respectively dynamical cooling and 299 

warming that both reach maximum strengths in the UTLS. In addition, Figs. 4 and 5 shows that 300 

the largest atmospheric temperature response to NAM variability occurs over the Arctic and the 301 

smallest response is found over the midlatitudes (solid black curves in Figs. 4 and 5).   302 

b. Surface temperature response to NAM variability 303 

            We next examine the attribution results for the NAM-related NH surface temperature 304 

anomalies given in Figs. 1c and 1d. As shown in Figs. 6 (NAM+) and 7 (NAM-), unlike the 305 

zonal-average case discussed previously, atmospheric dynamics is no longer the solely important 306 

process that determines the temperature response. Diabatic heating anomalies due to changes in 307 

surface dynamics (mostly related to latent/sensible heat fluxes), water vapor, clouds and surface 308 

albedo all play substantial roles in forming the observed regional temperature anomalies. The 309 

well-documented warming of southern North America in a composite NAM+ month, for 310 

example, is collectively contributed by the “greenhouse” (long-wave) effect of water vapor (Fig. 311 

6b) and atmospheric dynamics (Fig. 6d). On the other hand, the cold temperature anomaly 312 

observed over this region during a composite NAM- month mostly results from changes in 313 

surface albedo (largely related to changes in snow cover) (Fig. 7f), water vapor (Fig. 7b) and 314 

clouds (Fig. 7c). Dynamical warming (cooling) still dominates the NAM+ (NAM-) temperature 315 

anomaly observed over northern Eurasia, however cloud effect provides significant positive 316 

feedback to the warming (cooling) and surface dynamical effect acts as a negative feedback to 317 

the warming (cooling). Similar situations are found over the sub-polar North Atlantic, where 318 
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atmospheric dynamical processes induce cooling (warming) in a composite NAM+ (NAM-) 319 

month while water vapor and cloud forcing further strengthens the cooling (warming) and 320 

surface dynamical forcing weakens the cooling (warming). Although extremely weak, in a 321 

NAM+ (NAM-) month, ozone forcing produces a warming (cooling) effect over nearly the entire 322 

NH except at the North Pole where a cooling (warming) effect is observed.  323 

            To further quantify the relative importance of individual forcing in forming the final 324 

surface temperature response, PAP coefficients are calculated for southern North America, sub-325 

polar North Atlantic and northern Eurasia as defined by the three boxes in Figs. 1c and 1d. The 326 

corresponding PAP values are shown as histograms in Fig. 8. Note that the sum of all six PAP 327 

values associated with different processes equals the observed regional-mean temperature 328 

anomaly. Over southern North America, radiative forcing due to water vapor change contributes 329 

0.45 K to a regional-mean surface temperature anomaly of 0.58 K in a composite NAM+ month 330 

(Fig. 8a). Atmospheric dynamics adds 0.15 K to the warming. Ozone and surface albedo (cloud 331 

and surface dynamical) forcing provide weak positive (negative) feedbacks to the warming. In 332 

the NAM- case (Fig. 8b), surface albedo change becomes the most important factor in 333 

determining the surface temperature response, contributing 0.38 K to a total cooling of 0.73 K. 334 

Cloud, water vapor and atmospheric dynamics strengthens the cooling by respectively 0.22 K, 335 

0.17 K, and 0.19 K. As the largest negative feedback, surface dynamics produces 0.25 K of 336 

warming. The PAP value associated with ozone forcing is negative but very weak. In the sub-337 

polar North Atlantic, atmospheric dynamical forcing is the main driver of surface temperature 338 

anomaly, contributing 1 K (0.9 K) to a total cooling (warming) of 1.05 K (1.07 K) in a composite 339 

NAM+ (NAM-) month (Figs. 8c and 8d). Feedbacks from cloud and water vapor change are 340 

generally positive with nearly equal amplitudes, adding additional cooling (warming) of ~ 0.45 341 
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K (~ 0.36 K) in the NAM+ (NAM-) case. Surface dynamics, on the other hand, acts as the largest 342 

negative feedback, weakening the cooling (warming) by 0.82 K (0.57 K) in the NAM+ (NAM-) 343 

case. Contributions from surface albedo and ozone forcing are very weak in the sub-polar North 344 

Atlantic. Similar attribution results are found for northern Eurasia (Figs. 8e and 8f), where 345 

atmospheric dynamics drives a regional-mean NAM+ (NAM-) warming (cooling) of 1.8 K (1.5 346 

K). Cloud and water vapor change work respectively as the most and second most important 347 

positive feedback while surface dynamics provides a major negative feedback to the surface 348 

temperature change. The overall contributions from surface albedo and ozone change are again 349 

small compared to other forcing. 350 

4.  Concluding remarks 351 

            This study adopts a new framework of climate feedback analysis (CFRAM) to isolate 352 

contributions from individual radiative and dynamical forcing to the observed NH surface and 353 

atmospheric temperature anomalies associated with NAM variability in boreal winter. PAP 354 

coefficients are calculated utilizing the local partial temperature anomalies obtained through 355 

CFRAM to attribute regional-mean temperature anomalies to six forcing processes including 356 

atmospheric dynamics, water vapor, cloud, ozone, surface albedo and surface dynamics. The 357 

attribution results are presented for and compared between two cases: zonally-averaged 358 

atmospheric temperature response and surface temperature response. As previous studies have 359 

suggested, a large-portion of the zonally-averaged temperature anomalies associated with NAM 360 

variability are adiabatically driven by large-scale ascent/descent as part of the mean meridional 361 

circulation change that are initiated and sustained by anomalous divergence/convergence of eddy 362 

flux of westerly momentum. This is particularly true for the observed tropospheric warming 363 

(cooling) over northern midlatitudes (high-latitudes). Diabatic (radiative) heating anomalies due 364 
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to changes in water vapor, ozone, clouds and surface albedo in association with NAM variability, 365 

however, could be locally important. A good example is the UTLS of the tropics. The observed 366 

warming in this region during a positive NAM phase is largely caused by cloud and ozone 367 

forcing in the presence of substantial atmospheric dynamical cooling. Ozone forcing also plays a 368 

significant role in leading to the observed cooling in the tropical UTLS during a negative NAM 369 

phase. The attribution results for NH surface temperature anomalies are different compared to 370 

the zonal-average case. Three regions characterized by significant NAM-related temperature 371 

anomalies are analyzed. While atmospheric dynamics still plays the most important role in 372 

driving the temperature anomalies over the sub-polar North Atlantic and northern Eurasia, 373 

radiative forcing associated with changes in water vapor (surface albedo) turns out to be the main 374 

factor that determines the observed warming (cooling) over southern North America in a 375 

composite NAM+ (NAM-) month. Even for the sub-polar North Atlantic and northern Eurasia, 376 

feedbacks associated with changes in cloud, water vapor and surface dynamics are critical in 377 

leading to the final temperature response at the surface.  378 

            We also want to stress here that despite the obvious differences of the attributions results 379 

between the zonal-mean atmospheric temperature response and the surface temperature response, 380 

changes in atmospheric dynamical processes and the associated anomalous energy 381 

divergence/convergence are fundamentally important for generating all the NAM-related 382 

temperature variability. Due to the relative abundance of radiatively-active substances (e.g., 383 

water vapor and clouds) at lower altitudes and latitudes, dynamically-driven changes in these 384 

substances have the potential to excite responses stronger than those due to the original 385 

dynamical forcing and thus serve as powerful feedbacks. The role of water vapor in establishing 386 

the surface temperature response over southern North America is a clear example demonstrating 387 
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this fact.    388 

            The results presented here serve as a first-step “audit” of the quantitative contributions of 389 

various radiative and dynamical forcing to the observed temperature anomalies associated with 390 

NAM variability. They demonstrate that CFRAM is an efficient “offline” approach for 391 

evaluating and comparing the roles of multiple forcing and feedback processes in creating the 392 

temperature response to dominant modes of low-frequency variability in the climate system. 393 

Future work will focus on partitioning atmospheric dynamical forcing into components related to 394 

motions of different scales and understanding the connections between cloud/water-vapor/albedo 395 

forcing and atmospheric/oceanic circulation changes.   396 

 397 

 398 

 399 
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Figure Captions: 522 

Fig. 1. Zonally-averaged temperature (shading, unit: K ) and zonal wind (contour, unit: 1 sm ) 523 

anomalies in a composite NAM+ (a) and NAM- (b) month. Dotted and solid thick lines in (a) 524 

and (b) indicate the 90% level of statistical significance for temperature and zonal wind, 525 

respectively. Surface temperature anomalies in a composite NAM+ (c) and NAM- (d) month. 526 

Dots in (c) and (d) indicate the 90% level of statistical significance. The three boxes in (c) and 527 

(d) define the regions selected for PAP calculations in Section 3b (see the text for more details).  528 

Fig. 2. Zonally-averaged partial temperature anomalies in a composite NAM+ month due to 529 

changes in surface dynamics (a), water vapor (b), clouds (c), atmospheric dynamics (d), ozone 530 

(e), and surface albedo (f). Unit is K . 531 

Fig. 3. Same as Figure 2, except for a composite NAM- month.  532 

Fig. 4. Vertical profile of the pattern-amplitude projection (PAP) coefficients (color bars) 533 

associated with various radiative and dynamical forcing of the NAM+ temperature anomalies in 534 

0°–10°N (a), 30°N–60°N (b), and 75°N–90°N (c). The solid black curves in (a)-(c) indicate the 535 

vertical profiles of the observed temperature anomalies averaged over the respective zonal belts. 536 

Unit is K . 537 

Fig. 5. Same as Figure 4, except for a composite NAM- month. 538 

Fig. 6. Partial temperature anomalies at the surface in a composite NAM+ month due to changes 539 

in surface dynamics (a), water vapor (b), clouds (c), atmospheric dynamics (d), ozone (e), and 540 

surface albedo (f). Unit is K . 541 

Fig. 7. Same as Figure 6, except for a composite NAM- month. 542 

 543 
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Fig. 8. PAP coefficients associated with various radiative and dynamical forcing of the area-544 

averaged surface temperature anomalies over the southern North America (a, b), North Atlantic 545 

(c, d), and northern Eurasia (e, f).  The left (right) column corresponds to the composite NAM+ 546 

(NAM-) month. Unit is K . 547 
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 569 

 570 

Fig. 1. Zonally-averaged temperature (shading, unit: K ) and zonal wind (contour, unit: 1 sm ) 571 

anomalies in a composite NAM+ (a) and NAM- (b) month. Dotted and solid thick lines in (a) 572 

and (b) indicate the 90% level of statistical significance for temperature and zonal wind, 573 

respectively. Surface temperature anomalies in a composite NAM+ (c) and NAM- (d) month. 574 

Dots in (c) and (d) indicate the 90% level of statistical significance. The three boxes in (c) and 575 

(d) define the regions selected for PAP calculations in Section 3b (see the text for more details).  576 
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 584 

Fig. 2. Zonally-averaged partial temperature anomalies in a composite NAM+ month due to 585 

changes in surface dynamics (a), water vapor (b), clouds (c), atmospheric dynamics (d), ozone 586 

(e), and surface albedo (f). Unit is K . 587 
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Fig. 3. Same as Figure 2, except for a composite NAM- month.  598 
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 612 

 613 

Fig. 4. Vertical profile of the pattern-amplitude projection (PAP) coefficients (color bars) 614 

associated with various radiative and dynamical forcing of the NAM+ temperature anomalies in 615 

0°–10°N (a), 30°N–60°N (b), and 75°N–90°N (c). The solid black curves in (a)-(c) indicate the 616 

vertical profiles of the observed temperature anomalies averaged over the respective zonal belts. 617 

Unit is K . 618 
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Fig. 5. Same as Figure 4, except for a composite NAM- month. 627 
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 634 

 635 

Fig. 6. Partial temperature anomalies at the surface in a composite NAM+ month due to changes 636 

in surface dynamics (a), water vapor (b), clouds (c), atmospheric dynamics (d), ozone (e), and 637 

surface albedo (f). Unit is K . 638 
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 642 

Fig. 7. Same as Figure 6, except for a composite NAM- month. 643 
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 652 

Fig. 8. PAP coefficients associated with various radiative and dynamical forcing of the area-653 

averaged surface temperature anomalies over the southern North America (a, b), North Atlantic 654 

(c, d), and northern Eurasia (e, f).  The left (right) column corresponds to the composite NAM+ 655 

(NAM-) month. Unit is K . 656 
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