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Abstract

Energetics of interannual temperature variabilityhe years 198@016 is studied
usingtwo reanalysis data setdonthly temperature anomaliase decomposei
contributions from the net surface energy flux, atmospher@rgyconvergence
minus storage(CONV), and processes that affect the -tdghe-atmosphere
radiation balanceThe analysis reveala strong comperasion between the net
surface heat flux an@ONV over the icefree oceansyith the former dving the
temperature variabilitpver the tropical oceans and the latter at higher latitudes.
CONV alsomakes a domant contribution tdemperature anomalies the winter
hemisphere extratopical contineriiairing the summer halfear and in the tropics,
however, variations in cloudiness dominate the temperature variahigtyland,
while the contribution of£ONV is modest or evenegative. The lattaeflectsthe
diffusion-like behaviour of shofterm atmospheric variability, which acts toegaad
out the local, t@large extentloud-inducedtemperature anomalies to larger areas.
The ERAInterim andMERRAZ2 reanalyses largely agree on theneralenergy
budget features of interannual temperature variabilityalthough substantial

quantitative differences occur in some of the individual terms.

KEYWORDS: temperature variabilityerergy budget, reanalysis, ERAterim,
MERRAZ2



23

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

1. Introduction

Interannual variations in climate are of great practical importdmcparticular,
extended periods of anomalously hot or cold weather have large impacts on nature
and society. Recent prominent examples include the heat waves in central Europe
in 2003 Gacia-Herrera et al. 20)@ndin Russia in 2010Karriopedro et al. 2031

and thecold winter in eastern North America20131014 {fu and Zhang015.
Nonethelesssuch extremes afast the tip of the iceberg withimaomnipresent
continuum oftemperaturevariability, themagnitude of which depends on both the
season anthelocation.The largest interannutémperature variability is observed

over icecovered oceans and higititude continentsin winter, whereas the
variability over the lowto-mid-latitude oceans is rdlgely mutedoutsideof the

eastern Tropical Pacifi¢Holmes et al2016; see alsbigs. 3 andda-b).

A fraction of interannual temperature variability is driven by external forcing such
as major volanic eruptionsRobock 2000Paik and Min 201) However most of

it results from thehaoticinternaldynamics of the climate system: the variations in
atmospheric and oceanic circulation, and the resulting perturbations in sea and land
surface conditionsThe influenceof the oceans is largest low latitudes, where the
atmosphgc circulation andemperatures are strongly controlled by the distribution

of sea surface temperatu(8ST) (Wells 20R; Holton and Hakim 2012)In
particular the EI Nifo i La Nifia variability in the easterto-central equatorial
Pacific SSTs generates atmospheric teleconnections frafoundly affect the
climate all around the tropics bt some exterdlsoin extratropicalatitudes(Diaz

et al. 2001,Yang and DelSole 2@). However, the relative impact of SST
variability decreases and that of internal atmospheric dynamics increases towards
higher latitudeg¢Zwiersand Kharin 1998 TheinterannuaSSTvariability over the
extratropical oceanss strongly regulated by variations in the atmospheric
circulation whereas theo ¢ e a n 6 ®n tleebxtradraptcalatmosphere is more
subtle (Bjerknes 1964, Deser and Blackmon 1998yerthelesghere is evidence

that theocean plays a more active role in generating atmospheric vayiamlit

decadathan interannuaime scales (Kushnil994).

Although ultimately driven by atmospheric and oceanic circulation, variations in

nearsurface temperature are modulated by feekib#lrat affect thetmospheric
2
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and surface energy budgEbr example, both reduced cloudiness (which increases
the absorption ofsolar raliation) andreduced soimoisture(which decreasethe
evaporative cooling of the surfadegve been identified as purtant ingredients
European heat wavéBlack et al. 2004, Fischer et al. 2Q0Consistent with both
mechanismsthe correlation betweemonthly temperature and precipitatios
widely negativeover midlatitude continentsn summer and inropical land areas
(Trenberth and Shea 2008)s another examplePark et al. (2015) used the Climate
Feedbacki Response Analysi Method (Lu and Ca009) to explain the
temperature differences between winters with a strong and a weaka8i high.
They found that lower temperatures central Siberia in wintersvith a strong
Siberian high result from a combination of factors, including cold advection,
increased stiace cooling due to larger sensible heat flux, wedkergreenhouse
effect due to reduced water vapour and cloud water cortdenét al. (2016) used

the same methodo energeticallyexplain the different distribution of surface
temperature anomalies in Eastern and Central PacificfiesNAlthough the heat

flux from the ocea wasidentified asthe main cause of surface temperature
anomalies in both cases, the larger warming in the Eastern Pacific during the
EasternPacific El Nifios was attributed to a stronger water vapour feedback in this

area.

Despite theprevious work a systematicview on the energetics of interannual
temperature variabilitytill appearsto be lacking Variations in several factars
among otheratmospheric energy transposirfaceatmosphere energy exchange
surface albedo, clouds, dithe atmosphericlearsky greenhouse effeatight all

be important under at least some circumstances. But how important ana they
general, in different parts of the world and in differezasons? This study ains
give at least an initial answer tug questionfocusing on the interannual variability
of monthly mean temperatureBhe study is based atata sets from two modern
atmospheric reanalysé€Section 2) and aenergy balance framework that was
earlier used for analysis of moelgmulated C@-induced temperata changes by
Raisédnen (201 hereafter R1)y(Section 3) The results are repoden Section 4
and some aspects of their physical interpretation are discussed further in Section 5.

The main conclusions are presented in Section 6.
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2. Data sets

Data from the ERANterim (Dee et al. 2011) arfdERRAZ2 (Gelaro et al2017)
reanalyses for the years 198016 areused.The variables required by the energy
balance decomposition includirface air temperature, total cloudiness, surface
latent and sensible heat fluxes, and surface andofape-atmosphergTOA)
downward and upward shestave (SW) and longvave (LW) radiative fluxes for
both allsky and cleasky conditions(Table 1 in R1). These variables ave

downloaded as monthly meainsa 2.5° x 2.5%atitudelongitude grid.

For ERAInterim, surface pressure argik atmospheric variablesl @ndv wind,
vertical velocityw, temperature, geopotential and specific humidity37 pressure
levels were additionally downloaded at 0.75° x 0.75° horizontal resolution-and 6
time interval.This large 2.8 TB) data set wassed for explicit calculation of the
atmospheric energy flux convergence term (Sections 3.2.&@thd Appedix A)

that was inferred as a residual in the other parts of the analysis.

The suitability of reanalysis data sets for energy budget analysis might be
questioned because reanalyses violate energy conservation (e.g., Trenberth and
Fasullo 2013) and show @pous largescale trends associated with changes in the
observing system (Allan et al. 201#4)owever, because the focus in this study is

on interannual climate variability, the energy budget biases only matter to the extent
that they vary from year to ge We assessed this issue in two ways, by analyzing
the analysis increments in MERRAZ2 and by studying the mutual agreement and
differences between ERMterim and MERRA2 The analysis increments were
found tobe large but theirimpacton our maindiagnosic resultsis moderatedy

their relatively weak correlation with the actual temperature anomalies (Section
S1.1 in the Supplementary materidfurthermore ERA-Interim and MERRA2

give a largely consistent view on the energetics of interannual temgeratur
variability, althoughthere are in many casesibstantialquantitative differences

between these two reanaly¢8&ction 4.1)
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3. Methods

This sectiorfirst describethe main features of the R17 energy balance method and
its application to the interannual variability of monthly mean temperatures. After
this, the methods used in the explicit calculation of atmospheric energy flux
convergence ithe ERA-Interim reanalys are summarized hey are described in

more detaiin Appendix A.

3.1 Energy balance framework

The R17 method ibuilt aroundthe concept oéffective planetary emissivitgss,
which connects the surface air temperatiiréo the outgoing longwave (LW)
radiationL atthe TOA

o - Y Q)
and is (n broad terms, see Section Yah inverse measure of the atmospheric
greenhouse effecthus, warm anomalies ihrequire either a negative anomaly in

&fr, a positive anomaly i, or both Combining (1) with theatmospherienergy

budget equation gives
- ,Y YO 060 — (2)

whereSis net SW radiatio at the TOAG net davnward heat flux to the surface,
C horizontal energy flux convergemdin the atmosphere, aitthe total energy in

the atmospheric column.

Referringto the climatological monthly mean of variaidesXcum, the anomalys
DX = X1 Xcum. After alsodefining [X] = (X + Xcum)/2, (2) leads to

.- YUY Y- Y YYYO Y& — (3)

Finally, linearizing the left side of {3as

)

se YY1, - YYY oYY (4)

allows one to decompose the temperature anofiabs



149 YY 0o Yo YYYD OO woY'Y (5)

150 where the term# IV in (3) have been divided b 1, - “Y . These four

151 terms represent the temperature anomalies due to LW and SW radiation, net surface
152 energy flux, and atmospheric energy flux convergence minus stotagehe

153 averageD & 3. FK\Wso that a 1 Wm energy perturbation isypically

154 equivalent td.3 Kin temperature.

155

156 The linearization in (Bis performed aroundT(*#Tcum)/2 raher thanTcum. This

157 makes the linearization residuaRRvery small, with a mean absolute value of less
158 than 1@° K. On theother hand, variations id allow the meansf LW, SW SURF

159 andCONVto differ fromzero when averaged over the whole period. Nevertheless,
160 their mean values are small relative to their interannual variability that is the focus
161 of this paper.

162

163 The termd.WandSWare further divided to two and five parts, respectively

164 Do 0o RA (6)

165 Yo Yo Yo Yo Yo Yo (7)

166 In (6), LWcLeariS the temperature anomaly attributed to the edgrgreenhouse
167 effect (anomaly ok« under cleassky conditions) antlWcrethat due to the long
168 wave cloud adiative effect. The division {4s based on the approximate partial
169 radiative perturbation (APRP) method (Taylor et al. 2007). Thddivaes represdn
170 the SWradiaton anomalies associated wittcoming SW radiation§Wn), SW
171 radiative properties of the cleaky atmosphereS\WtLearaTv), Surface albedo
172 (SWALeepo), clouds EWtLoup), and nonlinear effectsS\). Different notations
173 are used for théwo cloudterms (WcreandSWeLoup) becausef the difference in
174 their way of calculationLWcre is based directly on thanomaly in thecloud
175 radative effect, which may be affected by variations in the ebbgrradiative
176 properties of the atmosphereaddition to those in cloud8y contrastSWLoup
177 attempts to isolate the effect of cloud anomalies on the SW radiation budget by
178 explicit although highly simplified modelling of the radiative transkar further
179 details, see R17.

180
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The focus in this gaer is on interannual variability. To separate this from-fmg
climate changeall the anomalies were linearly detrendedore the energy budget
decompositionConverselyXcLim as given above Eg. 8vas defined by the least

square trend line fitted for each calendar month separately.

3.2 Direct calculation of the convergence term

For most parts of thanalysis,CONVin (5) was calculated from the difference of
the net surface and TOA egg fluxes. This isstraightforwardbut offers no
information onthe mechanismsghat contribute toCONV. Therefore,we also
estimated CONV directly from ERA-Interim data In practice the calculation of
energy flux convergence was replaced by calculation of-tireensional energy
advecton in the interest oiumerical accuracyAppendix A) However,because

the convergence and advection forms are physically equivalent, the word

icomwear elieusedwhen discussing the results.

Theresultingdirect estimate foEONVis

000w 600w o600 YYOY (8)
Here CONMuon denotes the temperature anomaly attributed to the energy flux
convergere by the monthly mean flow, wheredSONVsv results fromsub
monthly covariation betweerwinds and atmospheric energy contel8TOR
represents the change in the total atmospheric gergent, being potive when

the energy content anomalgcreasgfrom the beginning téhe end of the month
(term IV in(3)).

4. Results

To introduce the methodrig. 1 depicts time series of Janpand July mean
temperature amaliesin central Finland (62.5°N, 25°End their decompostn

to the main energy budget contributions, separately for the two reanalyses.
Temperature variability at this location is much larger in January than July
(standard deviation ~4°Gy~1.5°C), and thenergycontributions to the variability

are also partly different. In Januakyc ear CONVand to a slightlgmaller extent

7
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CLOUD are the maimrivers of variability, with positive values in most of thnéd
Januays and negative values in most of th@d JanuarysLWcLear and CLOUD

also act to amplifgemperature variability in Juljgut CLOUD is more important
thanLWcLearparticulaty in ERA-Interim. By contrastCONVmostly opposethe

actua temperature anomalies July. The same applies 8JRFin both January

and July, since the anomalous net surface energy flux is directed from the
atmosphere to the ground mostanomdously warm monthsand vice versa in

anomalously cold months.

SWacgepo is excluded fronfig. 1 because it is negligibie both January (due to
lack of solar radiation) and July (when the surface is always-$me@) SWeLEAR

ATM is alsogenerally small, but is substantially negative in MERRAZ2 after the Mt.
Pinatubo eruption in July 1992 an@9B (Fig. 1d).This feature is lacking from
ERA-Interim, whichuses prescribed climatological aerosol distributions that vary
seasonally but not from year to year, and thus exslimePinatubo eruption (Dee

et al. 2011, Allan et al. 2014 MERRAZ2, by contrastaerosols are simulated
explicitly based on emissions that vary from year to year, and observations of
aerosol optical depth are assimilated into the analysis (Randle2@13).

The time series from the two reanalyses agrek on the nterannual temperature
variations Apart from SWeLearaTy, the samegualitatively applies to the energy
balance cotributors to this variability.However quantitative differences are
apparent. For example, isome JulysCLOUD and CONYV differ by several °C
between ERAINnterim and MERRA2but to opposite directionRecallthat CONV
is derived fron the difference of theurfaceand TOAnet energy fluxesind any

reanalysisspecific errors in these fluxese therefore directly mirrored in it

4.1 Magnitude of the terms and the agreement between the
two reanalyses

The global importance of the energy balance components is characteiffzgd2n
with two statistical measures: (i) tilnenterannual standard deviaticend (ii) ther
contribution to the interannual standard deviation of temperallre latter is

calculatedas



247 YOOQ 1 AYOQ 9)

248 whereSD(i) is the standard deviation of terimandr(i) is the correlation between
249 termi and temperature. Using the definition of correlation, one can showhthat t
250 SDGs sum up to thenterannuabktandard deviation démperature

251 B "YO&Q “YOY'Y (10)

252 ForFig. 2,both theSDs and SDCs weffrst calculated for eacmonth and grid
253 box and then averaged over th2 months andhe global area, so to characterize
254  the general behaviour of the term®8Mv andSWL are both very small, with SD <
255 0.1 K, andwill thereforenot be discussefiirther. Converse/, SURFand CONV
256 areveryl ar ge, wi.Hdwev&Bs dicussed ih Section 4tBey turn out
257 to havea strongmutual carcellation particularly over the oceand-Wcre and
258 SWtioup are also largeSWeLoup being the largetUnsurprisingly, howeveithere
259 isalsosome compensatidretweerWcre andSWeLoup. We will thereforemainly
260 studythar sum denoted a€LOUD, in the rest of this geer.Although smaller than
261 SD(SWtLoup), SD(CLOUD) is also substantigPth column of Figs. 2a,bYof the
262 remaining termsl.\WcLearis of similar magnitude with the actual nibly mean
263 temperature anomalies, wheré&\&t earatv andSWALgepo arerelatively small on
264 the average

265

266 The largest average contributaesthe standard deviation & are, in this order,
267 CONV, LWcLear and CLOUD (red bars in Fig2). The averageSDGCs of LW e

268 and SW, ,, are bothpositive in MERRA2 but théormer is slightly negativen
269 ERA-Interim. On the other hand, the net surface heat fedKH has a strong

270 tendency to reduce interannual temperatur@bdity. This is particularly the case
271 over the extratropical ocea(fSection 4.2)

272

273 The globally averagedSDs and SDCsare generally similar between the two
274 reanalysesThe largest differences occurthre SD and SDC cELOUD and its two
275 componentsSDCSURKF and SDQCONV) (recall that CONV is a residual). In
276  addition,SD(SWLearaTw) is twice as large in MERRAZ than in ERAterim. This
277 isconsistent witlthealready mentionedifference in théreatment baerosols

278
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To further quantify the agreement between ER&rim and MERRAZ2, the
correlation coefficients between the twamalygs werecalculated for (i) the full

spacetime interannual variability o&T and its energy balance components during

the 3%year period, and the spatime variability in the (ii) SDs and (iii) SDCs over

the global area and the 12 calendar months (Tablall threecorrelations are
strongly positive folJT (> 0.9) and most of the major energy balance components,
particularly LWeiear SURFand CONV ( O

0.

85) .

However

CLOUD are somewhat lower, and the differencethe treatment of aerosols

strongly deterioratethe agreement oB\WeLearatv. Maps of he inter-reanalysis
differences in the SDCGweshownin Fig. . Typically, the differences on the grid

box scale are about 1086the twaereanalysis meafor the temgrature anomalies,

25% forLWcLear Of the order of 40% foBURFandCONV, and between 60% and

100%for SWeLearATM, SWALBEDO @NACLOUD.

It seems obvious thiIERRAZ2 providesmore realisticestimates oBWe EaRATM

than ERAlInterim. For the other terms, the relative performance of the two
reanalyses isoredifficult to assessalthough some insight might be gained from
comparison with satellite dafa.g., Loeb et al. 201&nd other observational data
sets.In the figures shown in the rest of this paper, we will simply average the
statistics derived from the two reanadgsto emphasize their common features.
Selectedmaps for ERAInterim and MERRAZ2 separately are included in the

Supplementary materiéiFigs. $8-S4, S6-:S7and SP-S13).

4.2 Geographic variability

The first columnin Fig. 3 shows the SDsof gpTand itsmain energy balance

components averaged over the 12Znonths and the two reanalyse$he

corresponding SDCs are displayed in thed column, with thegrey shading

indicating areasvhere the sign is not robust. fie SDCis consideredobust if it

hasthe same sign ithe two reanalyses, and differs in at least one of tllem

zero at the 5% significancevie based on a tweided sign test (Appendix B)he

t

SDs and SDCs are connected by the correlation between the individual energy

balance terms and temperature, shown in the miclliemn Following (9), the

flaverage" correlation is defined here by dividing the average SDC by the average

SD.

10
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Interannual temperature variability is generally larger at high than low latitudes and
over the continents than ovéetoceans (Fig.e§. However, the Arctic Oceaand,
relative to its latitudethe tropical East Pacific also stand out with large vaitgbil
The SD patterns for the individual eggrbalance components arariade (left
column of Fig. 3) For example, SCBWALeepo) IS small in most areas, but locally
large where interannual variations in sea ind anow cover are substantitie
marginsof the Arctic Ocean, off the coast of Antarctica, and in the Northern
Hemisphere extratropical continents, ndyathe Tibetan Plateau (Fig. BhBy
contrast, SDCLOUD) is large (34 K) nearly everywhere, but smaller over the
Arctic Ocean, Greenland, Antdica, andthe deserts extending from Sahara to
central Aga (Fig. X). An inspection ofLWcre and SWeLoup Separately (FigS5)
suggests two main explanations for the reldyigeallmagnitudeof SO(CLOUD)

in these areas: laaif optically thick cloudgover deserts and ice sheets), and/or
limited sensitivity of he TOA radiation balance to clos@vheremodest insolation

(in polar regiongn most of the year) and/or high suréaalbedo (oveice sheets

and sea ice) makeeasier fol.Wcreto offset SWeLoup.

SD(SURB and SDCONV) are both ver large over the oceans (Figsn,8),
exceeding 8 Kin manyareasmainly in the extratropicsTheir patterns areery
similar, which results froma strong mutual compensationhis compensation
reflects, on one handhe ability of the ocean to absddsge amounts of heat with
only modest changes in the surface temperature, and on the other hand, the tendency
of the atmospheric circulation to horizontally spread the effects of local energy
input over a larger arg&ection5). SD(CONV) is also large over the continents,
generally in the range-4 K, with the largest vaes at mieto-high latitudesBy
contrast SD(SURF)is < 1 K in most land areadue to the modest heat capacity of
the land surfaceThe main exception are the northern parts of Eurasia and North
America, where variations in the energy consurbgdsnowmelt amplify the

variability in the net surface heat flux in winter and spring.

How much a giverenergyterm amplifies or attenuatesnperatue variability is
affected by both its standard deviation ands correlation with temperature

anomalies Eq. (9). A case in point idWcLear Which has a strong posiée

11
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correlation (>0.7) with go Tin most extratropicahreas, but a weaker or bty
negative correlation witigpTin much of the tropics (Fig. 3c).This makes
SDC(LWcLeaR less positive in most of the tropics that higher latitude@=ig. 3d),
although SDI(WcLeaR) is also large in the tropics (Fig. 3B)n exceptiorwith large
SDC( WcLeaR isthe egatorial EasPacific, wherd.WcLearis both highly variable
andhighly correlated with temperature. The interpretation\Wg ear is discussed

in more detail irSection 4.4

SWeLEaraTM IS positively correlated witlop Tin most regions, particularlgt mid
to-high latitudes (Fig. 3f Thisindicatesa positiveSW water vapor feedback due

to a positivecorrelation between temperature and atmospheric water vapor, which
leads to larger water vapobsorption of SW radiation imonths withpositive
temperature anomalieBlowever, since SCRWLearaTw) iS relativelysmall, this

term makes a fairly modest contribution to interannual temperature variability

(Figs. 3e,0).

Where SDEWALBEDO) iS substantial, this terris positively correlated withgp T
becausevarm anomalies typically coincide with negative anoreslin iow and

ice cover(Figs. 3,i). However, there are alsareas were thiscorrelationis
negative. In particulathe negative caelationover Antarcticareflectsa positive
correlation between temperature and snowfall: higher snowfall during anomalously
warm summer months counteracts the ageing of snow, thereby siigirgasing

the surface albedo (Picard et al. 2DIthis feature is more pronounced in ERA
Interim than in MERRAZ2Figs. $8-S4).

CLOUD s also positively correlated witlp Tin most areas, and therefore generally
acts to amplifytemperature variability (Figs. 3l)mExceptions with a slight
negative correlation include, among others, eastern tropical Pacific and parts of the
Southern Oean.The physical interpretation @LOUD is discussed in some more

detail inSection 4.3.

SURF and CONV strongly oppose each other over the oceans. In the tropics
particularly overthe equatorialEast Pacific, SURF is large in mgnitude and

positively correlated witlyp Tandis thus strongly driving anomalies in surface air

12



381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403

404
405

406
407
408
409
410
411
412
413

temperaturgFigs. 30,). However,in the sameareas CONV strongly damps the
temperature variability, effectively diffusing out the impact of the local satiaat

flux anomalies (Figs. 3p,s0ver most of the mitb-high-latitude oceans, the roles

of SURFandCONVare reversed, with the atmospheriatheonvergence strongly
driving but the net surface heat flux strongly attenuating the temperature variability
This picture ofmainly oceandriven temperature variability over the tropieald
atmospheralriven variability over the extratropicalceans is consistent with a
large number of earlier studi@sg.,Bjerknes 1964, Deser and Blackmon 198@
andKirtman 2007).

Over neay all land areas, the variation the net surface heat flux ad¢b reduce
the interannual temperatuvariability (Figs. ®,p). This effect is modest buiot
negligible: as averaged ovre 12 months and all lan@DCSURF =-0.44 K, or
30% of thecorrespondingnean of SDf 7} = 1.47K. Conversely, SDGZONV) is
posiive over most land areas (Fig.)3%he correlation betweeBONVandg Tis
mostly not vey strong (Fig. 3r), buéxceed$).7 over large parts of the Greenland
and Antarctic ice sheets an@d.9 overEast AntarcticaThe high correlations in
Greenland and Antarctica seem to be linked to the relatively modest interannual
variability in the other energy balance teraner these ice sheets (left column of
Fig. 3. On theother handCONVattenuatesterannual temperature variability
northern South America and some otlogv-to-midlatitude land area3 he physical
interpretation ofCONVis explored in more depth iBection 4.5

4.3 Seasonality

We next discuss theeasonality of the six main energynerincludedin Fig. 3
focussing on their SDCLomparison betweeextended Northern Hemisphere
winter (Novembeito-March,NDJFM) and summr (May-to-September, MJJAS)

seasonseveals severdlifferences (Fig. 4).
1. Temperature variability in extratropical latitudes is larger in the local winter
than the summer season (Figapd. The same applies to SOMcLeAR

(Figs. £ ,d).

13
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2. SDCSWeLearaTM) IS largest over the summer hemisphere ice sheets, in
Greenland in NDJFMindin Antarctica in MJJAS (Figs.ef).

3. The seasonality @Wa.seporeflecs the seasonalitied snowandice cover
and incoming solar radiatianAccordingly, in the Northern Hemisphere
continents SWALgepo iS mainly important in midlatitudes winter kut in
the Arcticin summexFigs. 4,h). Near the sea ice eddg@\Leepois mainly
important during the local summer.

4. SDC(CLOUD) is typically more positive during the local summer than
winter (Figs. 4i,), particulaly in the midlatituds. This is due t&SWeLoup,
which strongly amplifies the temperature variability in the midlatitudes in
summer, when solar radiation is abundantr@aaiced cloudiness therefore
tends to increase temperatufieig. S8. In winter, the paucity ofsolar
radiationmakesSWeLoup much less importanHowever LWcre also plays
a role, attenuating temperature variability when and where temperature is
negatively correlated witgparticularly hightop) cloudinessbut amplifying
the variability wha the correlation is pgitive. The latter is typical at mid
to-high latitudes in winter, as well a&s the tropical East Pacific (Fi§9).

In the tropical East Pacifi§SWeLoup andLWere neaty cancel out (see also
Fig. S1a), butin high latitudes in wintet, Wcredominates. Ovethe Arctic
Oceanthe high-latitude Southern Oceaandthe Greenland and Antarctic
ice sheetsthe net effectrepresentecby SDC(CLOUD) in Figs. 4ij is
therefore more positivie winter than in summer.

5. Reflecting the more vigorous eatropical atmogheric circulatiorand the
stronger climatological temperature gradieimsthe winter hemispherg
SDC(CONV) is more positive and SDSURHB more negative over the mid
latitude oceans in winter than in summeigé- 4kn). The seasonality of
SDC(CONYV) is even more striking over the northern halves of Eurasia and
North America, where the atmospheric heat flux convergence strongly
amplifies temperature variability in winter but slightly attenuates it in

summerThe interpretation o€EONVis expbred further in Section 4.5.

As an example that illustrates the seasonal variation in more detamaotihly
contributions of the maianergy balance terms temperature variability in central

Finland (cf. Fg. 1) are shown in Fig. 5. At this locatidhere is a gradual shift from
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large CONV and LWcLeardominated variabilityin OctoberMarch to smaller
CLOUD-dominatedand CON\tsuppressedariability in May-August. SWALBepo

only plays a significantole during the snowmelt seasionMarch-April.

To explore theseasonalariation in another wayFig. 6 identifiesfor every grid

box and every second montii the yeathe term that provides the largest positive
contribution to the standard deviation of temperature in this mdrhé. broad
picture over the oceamsseasonally uniform to the extent tBaiRFtends to make
the largest contribution taterannual variabity in the tropics an@ONVat higher
latitudes. However, the border between @@N\+ and SURFdominatedzones is
further poleward in summer than in winter, particularly in the Northern
HemisphereL WcLearandCLOUD are also important, overriding #tleother terms

in somemonths in som@cean regionsCLOUD is more frequentlyhe foremost
termin summe than in winterin particularit dominates the variabilitgver large
parts of the extratropical North Pacific and North Atlamicummer In addition
tothelargerinsolation this reflectahe weaker midlatitude baroclinicity in summer,
which reduces the importance @ONVrelative to the winter seasono provide
some more detail, diagrams similar to Fig. 5 are showsixarcean grid boxe@n

the Arctic Ocean, extratropical North Atlantic and North Pacific, eastern and

western tropical Pacific, and higatitude Southern Oceam) Fig. S1Q

Over mostof the winter hemisphere continengsther CONV or LWcLear is the
largest contributor to temperature variabilitp. summer, howeverCLOUD is
widely dominant in the extratropical continentsCLOUD is also commonly the
largest term in tropical land areasthough this varies with month and region.
Seasonal cycles of the individual energy termsxitesd grid boxegin Greenland,
Siberia, Central Europe, the TibetRlateau, Amazonia and East Antarctieag

shown inFig. S11

The variations osnow and sea iceonditionsmake eithelSWALsepo or SURFthe
largest contributorto temperature variability in some months and locations.
SWALgepo has this positionn midwinterin parts of the United States asduth
central Asia. During the springud areas shifhorthward In May, in particular,

SWiLeepois the largesterm over much of northern Siberia and northernmost North
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482 America, as well as the Tibetan Plat€aee also Ejs.S11b,d). Due to variations
483 in theice edgeposition SWALgepois also locally dominanbver the Actic and
484  Antarctic Oceans ithe local spring and summgee also FigsS1@,f). Variations
485 in ice conditions also dramatically affectthe atmospherecean heat exchange
486 during the cold seasoméser et al. 201(Retrie etal. 2015. This locally makes
487 SURFthe largest contributor to temperatwagiability near the sea ice edge in late
488 fall and winter both over the Arctic Ocean and the higtitude Southern Ocean
489 (see alsdrigs. S1(,f).

490

491 Averaging over all 12 months and the global a@aNVis the largestontributor
492 to variability in 47% of cases, followed ISLOUD (21%), LWcLear (16%), SURF
493  (14%), andSWALgepo (2%). SWeLearaTM ONlY has this position in limited parts of
494  theAntarctic cantinent in the local summer (0.1%).

495

496 To complementhe overviewprovided this far, we next focus on the physical
497 interpretation of two of thenajorenergy termstWeLear (Section 4.4) an@ONV
498 (Section 4.5). In both cases, there are sevactdrs involed and a more detailed
499 analysis is therefore useful.

500

501 4.4 Factors affecting LWcLear
502

503 Using the method detailed in Appendix C, the tetMkiear was further
504 decomposed as

505 0w 0w 0w 0w - (12)

506 HerelLWcLears represents variations in an effective surface emisspatyulated
507 from the monthly means of surface air temperature and surface upward LW
508 radiation (Eq. (C2))In practice this term mainly reflects variations inetlsurface
509 minus surface air temperature differenthe next two terms represent the main
510 factors expected to affect the atmospheric eségrgreenhouse effe@Vebb et al.
511 1993, i.e.the atmospheric water vapor content (Waid the lapse rate between
512 the surface and the midtroposphere (LR)ese terms were estimatesing linear
513 regressioneis the residual from this regression.

514
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515 The factors that contribute to SOGKcLear) based on (11) are analysed in Fig. 7.
516 Variations inthe effective surface emissivity (terd @ ) are unimportant
517 over most land areas (Fig. 7a). However, they are more important over the mid
518 high latitude oceans, particularly the northEiorth Atlantic, where relatively large
519 differences between the surface and surface air temperatures occur. Elsewhere,
520 SDC(WcLear is dominated by variations in the atmospheric eargreenhouse
521 effect.

522

523 Both the water vapour and the lapse rate vianatare found to amplify temperature
524  variability in most areagFigs. 7b¢). The lapse rate contribution (Fig. 7c) is largest
525 in areas where temperature anomalies typically have a bbiany structureso
526 that anomalies of surface temperature are nobrapanied by equally large
527 anomalies aloft. This is generally the case in high latitudes (especially in winter,
528 Figs. S16S17), but also over dry land areas such as Austrdlie lapse rate
529 contribution is also substantial in the easternmost tropicali®agherelocal SST
530 variations mainly affect air temperature irthe boundary layer below a
531 climatological subsidence inversi¢Andrews and Webb 2@). The water vapour
532 contribution is widelydominant at lower latitudedeing particularly large over the
533 central and eastefacific Ocean (Fig. 7bput is stillnot positive everywhere. One
534 of the exceptions is the western tropi€acific, where the highesurfaceair
535 temperatures coincide with remotely forced anomakulssidence thavarms the
536 surface by reducingloud cover butlsosimultaneously reduces the atmospheric
537 water vapou(Trenberth and Shea 2005).

538

539 4.5 Interpretation of CONV
540

541 Forthe mapsid diagrams shown this f&EZONVwas @lculated as eesidualHere
542 wereport the resultsbtained from the direct calculation of the term using ERA
543 Interim data (Section 3.2 and Appendix A).
544
545 It is first necessary to note th@ON\Wr (8) and the residudaONV arefar from
546 identical CONWbRr exhibits large interannual variability thanCONV (Figs.
547 S18,d), and thenterannuaktandard deviation of tiremutual differenceexceeds
548 4 K in mawy parts of the worldFig. S18)). Given the earlier experiencaf
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numerical difficulties inthe calculation of atmospheric energy flux convergence
(e.g., Chiodo and Hmberger 2010Mayerand Haimberge2012 Liu et al. 207),

these differences are not unexpeciéelertheless, the time seriesGON\bir and
CONVare positively correlated neamyerywhere, and over most of the oceans the
correlation exceeds 0.7 (Figugd9. CONWr and CONValsoshare broadly the
same statistical relationship with temperature anomalies, particularly over the
oceans Figs. S1&,c,ef). Still, the SDC of the residual estimate tends to be
somewhat more positive than that of the direct estimate over the midlatitude
continents, and less positive over the midlatitude oceans (Fig. SHids.
systematic feature mighéflecta mismatch between thetémannual variations of

the atmospheric energy flux convergence and the TOA and surface energy fluxes

in ERA-Interim, ratherthan just numerical errors DON\b)r.

Following (8), CON\Wbir was dividednto three terms that represent the energy flux
convergnce by the monthly mean atmospheric flow andraohthly variations in
theflow,anc hanges in the atmospheric energy
(Fig. 8) This division revealsa strong tendency of cancellation betwebn
monthly mean and sulmonthly energy flux convergenceomponentsat
extratropical latitudes (Fig8d-i). In midlatitudesthe monthly meamnergy flux
convergence componeamplifiestemperature variability (Bs.8e-f), whereas the
submonthly componenécts to reduce theariability (Figs.8h-i) but is typically
slightly smaller in magnitudeOutside of mdlatitudes the situation is les€lear

cut For example, oveparts of Antarctica, sutmonthly energy flux convegence
appears to aniiy, but monthly mean convegenc® attenuate temperature
anomalies. In thé&ropics, the monthly mean compongm@nerally dominates over
the submonthly componentFinally, Fig. 8 shows thatwvithin-monthchanges in
amospheric energy storagae a nontnegligible part of CONV in individual
months. Howeverthesechanges neither systematically amplifgr reduce the
temperaturevariability (Fig. 8l). The atmospheric energy conteteinds to be
broadly in phase with surfacair temperatureand henceats change fronthe
beginning tothe end of thenonth is nearly uncorrelatesith the monthly mean

temperature anomal¥ig. 8k)
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The tendency of sulmonthly energy flux convergence to reduce interannual
temperature variability in midlatitudes onsistent with earlier researcm
particular,Lau and Nath (199fpund a negative correlation between anomalies of
monthly mean temperature at the 850 hPa lerdl the temperature tendencies
induced bysynopticscaleeddy heat fluxegtheir Fig. 13) This diffusionlike
behavior of eddies also applies to the time mean flow, with the eddy heat fluxes
acting toreduce both the meridional and zonal gradients of tesyre(Lau and
Holopainen 1984)0One maythereforeassume thatt least in the midlatitudethe
anomalies inthe submonthly energyflux convergenceare morea consequence

than a causef themonthly mean energy content (or temperataremalies.

Monthly mean energy flux convergentends toamplify and its submonthly
counterpart t@ttenuatehe midlatitude temperate variability in boththe NDJFM

and MJJASeasons (Figs20). Interestingly, however, the suhonthly energylux
convergence makes a more negative SDC contribution in the northern parts of
Eurasia and North America in summer than in wintére tendency o€ONVto
amplify temperature variability in winter but to rather reduce it in summerese
areagFigs.4m,n)thusreflects a delicate balance betweendbstributionsof the

monthly mean andubmonthlyenergy flux convergence

5Di scussi on

The results ofliagnostic technigustend tdoecomemoredifficult to interpretwvhen
the quantity of interest (here the temperature anomalg)smallresidual of large
but compensating rightandside termsThe tendencyf compensation between
the monthly mean and subonthly energy flux convergences wadready
discussed in Section 4.5.néAther equally important case is the compensation
betweenCONVandSURFover the icefree oceans.

As shown in R17,
YY 6 YO Y6 — OYYYD OO w (12)
Thecompensation betwe&lUURFandCONVthereforeindicateghat, over the ice

free oceangheanomalies in thaeet TOA radiatiorflux S L aresmallerthan tlose

in thenet surface energy flu®. In fact,theaveragenterannual standard deviation
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of G as calculatedver the 12 months and all ocean grid boxegedas the standard
deviation ofS L by more than a factor dhree(not shown) This difference is
qualitatively explicable by théact thatthe TOA radiation balance imuchless
sensitive to variations iair temperatue thanthe net surface energy flux is to the
air-sea temperature differendeverything else being the same, a 1 K anomally in
only increases, and hence reduc&d, by DOTU 3.3 Wni?K1 (Egs. (1) and (4)).
On the other hand, bulk parameterizationsudbulert energyfluxes(e.g., Kara et
al. 2000) indicate a change of up to several tens of\linthe net surface energy
flux per each 1 K change in the-agatemperature differerc Over the icefree
oceanswhere a substantial net surface flux can be sweddny the heatapacity
of the ocean mixed layelDG canthuseasily excee®(S-L) even when the anomaly

in theair-sea temperature difference is relatively small.

One may argue that the multiplicabr*a 0 . 3'm?Ksedih (5) exaggerates the
actualsensitivity ofsurface air temperature to variations in local energy input. This
is particularly the case over tlee-free ocean, due to the ability of tmet surface
flux to consume a large fraction of any anomalowes@gpinputinto the air column.
However, the diffusive behavior of the soionthly atmospheric energy flux
convergence (Section 4.5) implies that the same also applies in other areas.
Anomalies in the energy input into an air column, regardless of whetaer
originate from the net surface enerfiyx, cloudinessor, for example, surface
albedo, are only partlydanced by local temperatureedided changes in the TOA
radiation balanceA large fraction of the energy inpahomalyrathertends to be
exported away by the atmospheric circulation

To dleviate the systematic compensatigora energy budget framework should
ideally take into account the effects @frface a temperatur@anonalies onSURF
andCONYV, rather tharireating all ofSURFandCONVas independent rightand

side terms. However, thigould require a substantial extension of the method. First,
the energy budgebf the upper oceaandground should be explicitly includeth
addition to that of the atmosphdiedemann et al. 2017; Liu et al. 2013gcond,

the effect of temperature anomalies on atmospheric horizameigy flux
convegence should be parameterizas a diffusion processThe second

requirement is particatly difficult to achieve in a singleolumn framework,
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because thenergy flux convergence is regulated by the gradients rather than the
absolute local values of temperature and atmospheric energy content.

A local and instantaneous energy budget framework cadetify processes that

are nonlocal in space or timdé-or exampleduring an El Nifio, atmospheric energy
flux divergence over central and eastern tropical Paadfis to cool the air locally,
therdoy balancing a large fraction of the anomalous net surface energy flux.
However,energy fluxdivergence in one area requires convergence elsewhere. Due
to the stationary Rossby waves excited by diabatic heating anontilesigns
1982 Ji et al. 201§ this energy redistribution process is more complicated than
just horizontal diffusion.As another examplean anomalyin atmospheric
circulation in the preceding months migtalp tobuild a warm or cold anomaly in

the upper ocean temperature in some areahwivould thenfeed back tathe
atmosphere by inducing an anomalous net surface energyTthus, although
energy budget analysis is useful iimgnasing theorigin of temperature anomalies,

it alonewill not reveal the full causeffect chain of events.

6.Congcsliwns

This study has investigateke energetics ointerannualtemperaturevariability in

the ERAInterim and MERRA2 reanalyses. Using the method introduced in R17,
the anomalies in monthly measurface aitemperature were decomposed to Six
main components, representing the variations in (i) the atmospheriesklear
greenhouse effect, (iiflea-sky SW radiative properties of the atmosphéiie
surface albedo, (iv) cloudgéy) the net surface energy fluand (vi) atmospheric
energy flux convergence minus storaBased on their covariation with the actual
temperature anomalies, the et of these indivual components on temperature
variability werethen statistically diagnosed rich variety in the energetics of
temperature variability in diffent areas and times of the yeams found
depending on the surface conditions, availabibtysolar radiation and the local
meteorological chacteristics. Nevertheless, the main findings are the following:

1. Over the icdree oceans, anomalies in surface air temperaiaréypically

a small residual of opposite contributions from the net surface heat flux and
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atmospheric energy flux convergende.the tropics, particularly in the
eastern Pacific, the net ocetmatmosphere heat flux provides the main
energy source for temperature variability, udst of this energy inpus
transported awalyy theatmosphericirculation This pattern is reveesl at
higher latitudes, where variations in atmospheric energy flux convergence
are large but are mainly consumiegl heating or cooling the water mass,

rather than changing the surface air temperature.

. The net surface heat flladsotends to attenuatemperature variabilitpn

land but is mostly a secondary term in the energy buddajor energetic
drivers of temperature variability over land includiepending on season
and locationyariations inthe atmospheric enerdiyix convergence, clouds,

the clearsky greenhouse effect, and surface albetimnetheless
atmospheric energyflux convergence reduces rather than amplifies
temperature variability over large parts of Eurasia and North America in
summer, partly compensating a strongly positive claadtribution to
temperature variability. The same happens in some tropical land areas,

especially northern South America.

. Care is needed in thieterpretation of Bamaspheric energy flux convergence

which is affectedby variations in both thatmospheric circulatioandthe
atmospheric eneygcontent and hence temperaturhinking ofanomalies

of energy flux convergencgmply asa cause of temperature anoreslis
therefore not justifiedIn midlatitudes,in particular, our results reviea
duality between time scales, wigmomalies inthe monthly meanflow
amplifying, but the submonthly variations attenuating temperature
variability via their effect on the energy flux convergentie net of these
two very largg components leaves a mughdl erresidual, particularly over
land. The counteintuitive situation in which the net effect of the energy
flux convergence is to reduce temperature variability may arise when other
components in the energy balance strongly acnlify the variability
This is the case, for exampieith cloud anomaliegr much of Eurasia and
North America in summerThus, although this has not beedlirectly
addressed heregimany summerheatwavs with reduced cloudinessay

actuallycoincide with anoralous energy transport out of the air column.
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The two reanalyses agree well on thgemeralfeatures but some quantitative
differences are evidenThe ERA-Interim minus MERRA2differencesin the
individual termstypically range fromabout 25%to 100% of the twaeanalysis
meanon the grid box scaldPerhaps unsurprisingly, the effect of clouds is one of

the most uncertain terms in the decomposition.

By analyzing the energetic contributions to the standard deviation of momtlaly
temperature, this study has emphasized the typical energy budget features
associated with temperature aralies. Nevertheless, tleorrelaton between the
individualenergybudgetcomponerg and temperature anomalie&isfrom perfect
(middle columnof Fig. 3). Thus, aimilar temperature anomaly may resuttm
different combinations of energetic contributioBxamples of this variation are

also readily vidole in the time series of Fig. Eor instance, althoughenet surface

heat flux typically attenuates temperature vaiidl, it amplified the cold
anomalies in Janugs 2003 and 201(Figs 2a,b) In both cases, the cold January
was preceded in Finland by a yamld second half of Decdyar, which serve to
reduce the grountb-air heat flux ly cooling the groundApart from thiscaseto-

case variability, it would be worthwhile to study to which extent the relationship
between energeti@nd temperature anomaligqor is not) nonlineaFor example,

do summer months with extreme warm anonsatiéfer from those with moderate
anomalies in the relative importance of the energy balance components that

contributeto these anomalies?

To give a globally consistent overviewet analysisin this paper hasovered the
whole world.More remains to be learndm more indepth studies demperature
variability on regional scaledoreover, keeping in mind the issues discussed in
the previous section, a diagnostic energy budget approach should ideally be
complemented by carefully dgsied model experimentSuchexperiments could

help to elucidate, for example, the remote effects of SST variability on the

atmospheric energy transpartd hence temperature

Energetics of interannual temperature variability is also important in thextari
climate modding. The magnitude of interannual variabilitiffers considerably

between differenglobal and regional climate models (Raisanen 208ZEliaet al.
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2013) Linking this variation to its energetic comutors couldgotentially help lhe
improvement of climatenodels.The energetics point of viemight also facilitate

a better understaling of modekimulated future changes in temperature
variability. Together with the evaluation of the presgay energetics of varidiy

in the models, this couldhelp distinguishing between more and less likely
projections for the future.
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Appendi x A: At mospheric ener g)

The total energy in a hydrostatic air column is

0O . @Y R Q— /Q

(A1)

whereT is temperatureq specific humidity,k kinetic energy per unit mass,

specific heat of air atonstant pressuré, the latent heat of vaporizatiog,the

acceleration of gravityps surface pressure aihgthe local surface heightve treat
Cp=1004 J kg K1, L =2.5 x 16J kgtandg = 9.81 m g as constantand neglect

theeffects of cloudvater and ice. For a mopeeciseformulation,see Mayer et al.

(2017).

Diff erentiating (A) with respect tdime gives

Q
-

(A2)

wheree = ¢pT + Lg + k. The latter term represents changes in atmospheric mass

rather than in the energy content of air. It can be-zedn evenwith no net

advection or diabatic source of enengithin the air column, ands therefore

negleced in our analysis (cf. Liang et .aR017). An expression fof ® ois

obtained fronthe thermodynamic, momentuand specific humidity equations

_ WO QB 0Y 0 Q

(A3)

Here ¥ is threedimensional windl is threed i mensi on a | gradi ent

is geopotentials, is net water vapour source per unit m&3ss diabatic heating

andd is dissipation of kinetic emgy (d also contributes tQ and its net effect is

therefore zero)Vertical integration of (ABgives

—— ¥R QB— Y 0 00

(A4)

wherethe massntegrated water vapour sounseassumed tequal the difference

between surface evaporatidg) @nd precipitationRa is the atmospheric radiation

balance andH the sensible heat flux from the surfablmte thatY

Y O "OEgs. (1)(2)).

O 00

The first righthandside term in (A4) represents the atmospheric energy flux

convergenceC, written in advection formThis term isusuallyconverted to flux

convergencéorm using the identity¥J1 Q
25
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have usedhecontinuity equatiorn J¥ n 3B — 71 Anadvantage of ik

Is that vertical flux convergence integrates to zero if vertical velocity at the surface
can be neglectedrurthermoreglobally averaged horizontal convergence is zero,
as required by energy conservation. On the other hand, the calculatioenéthg

flux convergence isiumerically delicateThe main issue are ersoin mass flux
convergencethe effecs of which can be reduced but nfatlly eliminated by
adjusting the nemass fluxto the air columrie.g.,Hantel and Haase 198Bhiodo

and Hamberger201Q Mayerand Haimberge2012 Liu et al. 20T). After testing

both the flux convergence and the advection fome chose théatter since this
yielded a better match betwe€®NVandCON\br in our implementation

To study how atmospheric phenomena on different time scales contribute to the
energy flux convergencé¢he monthly means dhe advection term in (A4) were

further divided to two parts by writing
VO QB VO T B e Qe Ree (A5)

where the overbar denotes the midptmean and the prima deviation from it.
When integrated vertically and divided Bythese two components giG®NMWion
andCON\Wkwmin (8). Similarly, dividing the lefthandside term in (A4) byD gives
STORIn (9).

The enegy flux convergence and the change in atmospheric energy content were
evaluatedusing ERAInterim data at 4 time resolution, 0.75° horizontal
resolution and 37 pressure levels. The results were then aggregated to gjniel 2.5°

used inthe otherparts of theanalysis.
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Appendi xSiBgni fi cance testing

The sign test is based on the count of positive and negative vélagarable. If

both signs are equiprobable and autocorrelation is neglected, there is a 95.3%
probablity that the number ofgsitive (or negative) values in a-§éar time series

is within 1324. Therefore, in a tweided test, the same sign is required in at least
25 of the 37 years for statistical significance at 5% level.

When appying the sign test to SDCs, thbevious cloice is to count thaumber of
years in which the temperature anomaly associated with a given energgtess
in sign withthe actual temperature anomaly. Howeareraging over calendar
months requires normalization. From (9), the mean of §@VErseveral calendar

months is
y W

YOoo6Q i AYoQ — (B1)

where [ ] denotes averaging over months andZJPpand SDi) are the standard
deviations of temperature and itth energy balance component. Expanding the
definition o covariance

Yoo B 2 yy KB "Q0Q (B2)

whereN = 37 is the number of years. Thus, in the sign test, the positive and negative

values off(i); are counted.
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Appendi x C: Decompmai ti on of
The term LWcLear represents variations in the clesky effective planetary

emissivity defined as

- — (C1)

whereLcLearis the monthly mean cleaky outgoing LW radiation and is the

monthly mean surface air temperature. canbe further factored as

t—k - - (C2)

whereLs yis the upward LW flux at the surfacex is an inverse measure of the
clearsky atmospheric greenhouse effect, whereass an effective surface
emissivity, which is affected by the actual surface emissivity, differences between
the surface and surface air temperatures, andnmsuthly variations of

temperature. The corresponding tenapere anomalies are

0w 0w ) (C3)
where
0 o Y- - Y (C4)

is the contribution from variations in effective surface emissivity and

0 o o Y- - Y (C5)

represents the variations in the atmospheric dkpigreenhouse effect.

0w was further decomposersing the linear regression model
0 @ MoOd &Y Y - (C6)

whereWWRPis the vertically integrated water vapour pdi$is surface temperature
andTsoo700iS the mean temperatuae300-700 hPa, broadly representing the layers
from which most of the longwave radiation escapes to space under typical
atmospheric conditions. The coefficieatandb were estimated from 3year time
series of monthly mean data for each of ERferim anxd MERRA2, usinghe same
values ofa andb for all 12 monthso avoid overfittingliw @ 0 was preferred over
WWPsince it explained a larger fraction of the varianceimo when used

as the only predictor. This twaredidor model explains 83%84%) of the globally

averaged variance in0 w in  ERA-Interim (MERRA2), with
28
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N w U alone explaining 61% (65%); sE&y. S14for the geographical distribution
of the explained variancé@s expected he coefficienta andb in (C6) are positive

virtually everywhere (FigS15.
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996 Tabl es

997
998 Table 1.Correlation of OT and itsmain energy balance componeristween th€&ERA-

999 Interim and MERRA2 reanalyses

1000

IAV SD SDC
'Y 0.92 0.98 0.98
0 0.91 0.90 0.86
" 0.24 0.29 0.43
Yo 0.72 0.86 0.72
CLOUD 0.57 0.70 0.56
SURF 0.85 0.96 0.90
CONV 0.88 0.97 0.92

1001 1AV = spatiotemporal correlation of interannual variability (3/2ars x 12 months x
1002 global area); SD and SDC: the correlation of the SDs @B¢€s (12 months x global area)

1003
1004
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1007 Fig. 1. Linearly detrended temperature anomaliascentral Finland (62.5°N, 25°En
1008 January and July 198Q016 (solidlines) and the contributions of individual energy
1009 balance terms to #m (bars, legend at the botthrfor reference, the mean atlike 36-

1010 year linear trend of temperature are given in top-right corner of the figure panels

a) ERA—Interim b) MERRA2
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1012 Fig. 2. Typical manitudes 6the terms in Egs. (§)) in the ERAInterim and MERRA2
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1014 temperature anomaliesy) averaged over the 12 months and the global area. The

1015 remaining columns show the cosmonding SDs of the energy balance terms (blue) and
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1016 their contribution to the standard deviation 8F (SDC red). The numeric values at the

1017 bottom give the SDsifper) and SDCs (lowgm units of 0.01 K
sD (K)

AT

Correlation with AT Contribution to SD(AT) (K)

- @ T
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1018

1019 Fig. 3. Left: interannual standardeviation of monthly mean temperatamomalies T)

1020 andtheir main energy balance componenididdle: correlation between the individual
1021 energy bal ance cRghtpQontrébutibns of ghe dhdivigidual energy
1022 balance components to the standasdldi at i o n dsfics aygTaveraget betwseh a t
1023 ERAInterim and MERRAZ2n the third columngrey colour indicates areas where thersig
1024 of the standard deviation contributignot robust (see Section 4@ definition)
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