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Abstract. This study presents a new methodology, calledlongwave absorption roughly accounts for 91 Warout of
temperature tagging. It keeps track of the contributions ofa total of 381 W nm2 (roughly 25 %) and therefore accounts
individual processes to temperature within a climate modelfor a temperature change of 68 K. In a second experiment,
simulation. As a first step and as a test bed, a simple boxhe CQ concentration is doubled, which leads to an increase
climate model is regarded. The model consists of an atmoin surface temperature of 1.2 K, resulting from a temperature
sphere, which absorbs and emits radiation, and of a surincrease due to COof 1.9K, due to non-C@ greenhouse
face, which reflects, absorbs and emits radiation. The taggases of 0.6 K and a cooling of 1.3K due to a reduced im-
ging methodology is used to investigate the impact of the atportance of the solar heating for the surface and atmospheric
mosphere on surface temperature. Four processes are investemperatures. These two experiments show the feasibility of
gated in more detail and their contribution to the surface tem-temperature tagging and its potential as a diagnostic for cli-
perature quantified: (i) shortwave influx and shortwave atmo-mate simulations.

spheric absorption (“sw”), (ii) longwave atmospheric absorp-
tion due to non-C@greenhouse gases (“nC"), (iii) due to a
base case Cfconcentration (“bC”), and (iv) due to an en-
hanced C® concentration (“eC”). The differential equation 1 Introduction

for the temperature in the box climate model is decomposed

into four equations for the tagged temperatures. This methodVhenever an extreme weather event happens, like the Rus-
is applied to investigate the contribution of longwave absorp-Sian heat wave in August 2010, the question is posed whether
tion to the surface temperature (greenhouse effect), whicfhis heat wave is a consequence of climate change. Such
is calculated to be 68K. This estimate contrasts an alterduestions have been addressed in various wégssen et al.
native calculation of the greenhouse effect of slightly more (2019 investigated the likelihood that such an event hap-
than 30K based on the difference of the surface temperapened in a world without climate change and concluded that
ture with and without an atmosphere. The difference of thethis event is a consequence of global warming since its “like-
two estimates is due to a shortwave cooling effect and a relihood in the absence of global warming was exceedingly
duced contribution of the shortwave to the total downwardSmall.” On the other handole et al.(2011) showed that the
flux: the shortwave absorption of the atmosphere results ifRussian heat wave was primarily a consequence of a block-
a reduced net shortwave flux at the surface of 192v¥9m ing event, a specific weather pattern not unusual for Russia.
leading to a cooling of the surface by 14 K. Introducing an In ensemble simulations they showed that this blocking was
atmosphere results in a downward longwave flux at the surlot primarily caused by either greenhouse gases or sea sur-
face due to atmospheric absorption of 189 W2mwhich face temperatures and concluded that this specific weather
roughly equals the net shortwave flux of 192 W#This  €vent was solely caused by internal variability and that no
longwave flux is a result of both the radiation due to atmo- anthropogenic influence was detected. The attribution tech-

spheric temperatures and its longwave absorption. Hence th@iques are differentin both studies. However, what both stud-
ies have in common is that they compare on a statistical
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418 V. Grewe: Temperature tagging

basis a world with climate change to a world without cli- Table 1.Overview on tagging categories.
mate changeHansen et a]2012 or to a world with changed

climate forcings Dole et al, 2011). Here, a new methodol- Description Category Tagged Absorption
ogy is introduced, which is not based on such statistical ap- temperature  sw  lw
proaches, but deterministically attributes contributions of in-  shortwave contribution “Sw” W as 0
dividual processes to the temperature: a temperature tagging non-C& GHE “nC” Tnc 0 a"c
methodology. Hence, with this method it is possible to an- base CQ GHE “bC” TPC 0
“eC” TeC 0 a*C

swer the following question: how much of an observed heat GHE due to enhanced GO
wave is actually contributed by anthropogenic greenhouse
gas emissions? Note that tagging is not addressing the ques-
tion of whether a heat wave would also have happened in a For this kind of tagging two aspects are important to be
world without climate warming. mentioned. Tagging has to be complete but not necessarily a
This methodology builds on tagging techniques developedmaterial quantity. Completeness means that categories have
in atmospheric chemistryGrewe et al.2010. These tech- to be defined in a way that the regarded physical quantity
niques enable fully decomposing a non-linear system andhere temperature) is totally split into individual parts with-
attributing chemical concentrations to emissions of gasesout any remaining parts. Another way of looking at it is that
The principles of this technique are applied in this paperthe quantity is split into contributions and the sum of the con-
to the contribution of atmospheric absorption of radiation tributions is again 100 %. Note that individual contributions
to the temperature in a very simple box climate model. It might also be negative, e.g. for a cooling process. Hence, the
shows the feasibility and the potential of such a techniquetagged temperatures cannot be seen as physical temperatures,
and should be seen as a first step towards a full temperabut as contributions to the temperature.
ture tagging method in climate or weather prediction models, The second aspect is that tagging has mainly been used for
with which the question of the contribution of anthropogenic chemical simulations, i.e. putting a tag to a material quantity,
greenhouse gas emissions to the temperature during an indike ozone concentrations. This facilitates the tagging con-
vidual weather event can be answered. cept, but is physically or mathematically not necessary. Tags
The temperature tagging method in a simple climate boxcan be viewed as contributions of a process to any regarded
model is applied to investigate the contribution of atmo- quantity Grewe 2013.
spheric longwave absorption (greenhouse effect) to surface This tagging concept leads to a two-step approach within
temperature and the temperature contribution from a doueone simulated model timestep. First the normal physical sys-
bling of the CQ concentration. tem is solved (here described in Se&®), and afterwards a
In the next section, basic definitions, like tagging cate-second set of differential equations is solved for the tagged
gories, are given (Sed.1). The simple climate box modelis quantities (Sec2.3).
introduced in SecR.2, and the temperature tagging method-
ology is presented in Se@.3, with the experimental set-up 2.1 Definition of tagging categories
presented in Sec2.4. Results are analysed in Segtfirst on
the contribution of the greenhouse effect (GHE) on the sur-The underlying scientific question, addressed here, is how
face temperature (Se@.1) and second the contribution of a large the contribution is of the absorption of longwave ra-
doubling of the CQ@ concentration to the surface temperature diation caused by greenhouse gases to the surface tempera-
(Sect.3.2). A very brief outlook on how this methodology ture. Therefore, four different effects are of interest, which
can be applied to a comprehensive climate model is given iraffect temperatures (Tabl®. The first is the effect of the
Sect .4, followed by conclusions. shortwave solar input and shortwave atmospheric absorption,
tagged with the name “sw”. The transmitted solar radiation
heats the surface and contributes thereby to the emission of
longwave radiation, which in turn affects the atmospheric
dtemperature by longwave absorption and feeds back to the
surface temperature.
The other effects are related to the greenhouse effect,

2 Methodology

In this section a very simple climate box model is presente
(Sect.2.2), as it can be found in many meteorology text
books (e.gAndrews 2010, used to test the idea of a temper-

ature tagging (Sec®.3). This is a method to track changes i.e. the longwave atmospher_ic abs_orption of radiation due to
in a model simulation induced by any regarded processgreenhouse gases and again their effects on surface and at-

e.g. temperature changes induced by greenhouse gases. [ﬁosphenc temperatures. In order to study individual green-

pending on the scientific question, there might be many pos;

ouse gases, three groups are defined: all nop-@een-
sibilities to define temperature categories. Therefore S¢ekt. house gases, called "nC”; a base £€ncentration (here:
starts with the definition of the scientific question and the as-

360 ppm), called “bC”; and an enhanced £€oncentra-
. . . tion (“eC”) of 360 ppm, representing a G@oubling. (Latter
sociated tagging categories. concentration is set to 0 ppm, if not used.)
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- Table 2. Overview on parameters for the climate box model;
Iw =longwave; sw=shortwave.
( Outgoing Iw
\\ 1y radiation
-‘OL oat Parameter ~ Description Value Unit
= v\ Flw
A s Solar input 342 wnt2
_ OUtgoiNg sW  transmitted emitted a Iw absorptioﬁ variable -
Solar |¢nput radiation radiation radiation as sw absorptio 0.2 B
O wapt | A Albedat 0.3 -
o Stefan—Boltzmann constant ~ 5.6720°8 wm—2K—4
| Atmosphere | € Emissivity! 1 -
car Specific heat capacity (aft) 1004 Jkglk-1
transmitted reflected emitted emitted C;f.c Specific heat cap_acity (sf) 3025 Jkgt Ksil
solar input solar input radiation radiation par Mean atmospheric densfty 0.5 kgn
ept sl step sfepd pSfC Mean surface densfty 1000 kgnr3
Zair Atmospheric heiglft 10000 m
| SV | zsfe Surface layer depfh 1000 m
Ta Atmospheric temperature variable K
Ts Surface temperature variable K
: . . toag? :
Fig. 1. Sketch of a simple climate box model. Fsw  Topof the atmosphere variable wi

upward shortwave radiation
(also for sfc.; downward; Iw)

This leads to four tagging categories: “sw” “nC”. “bC” 1 Taken fromAndrews(ZOlQ.2Absorption is parameterised, depending on the
o~ . . - ' ' greenhouse gas concentrations. It is chosen as 0.77 for a current situation with
eC (See also Tablel), which are phyS|CaI|y defined in the 360 ppmv CQ. 3 Taken fromKiehl and Trenbertm199b.4Taken fromHilsenrath

ollowing two sections. et al.(1959. ® The surface heat capacity “ is a combination of the heat capacities
foll gt t 1.(1955. ° The surface h pacit§© b f the h p

of 2/3 of water (418@ kg~1 K—1, Osborne et a1939 and1/3 of soils
2.2 Avery simple climate model as a test bed (7203 kg1 K1 out of a range of 625-1045 J/kg/Rpwers and Hanks1962).

6 Scale assumption for this work.

The basic concept of this climate box model is presented in

Fig. 1. It consists of two domains. The first domain is the g |Jongwave fluxao T2, which equals the downward long-
atmosphere with a temperatufg. The atmosphere absorbs \yave radiation at the surface:

radiation in the shortwave:) and longwavedj). The second . | 4

domain is the surface, characterised by the temperdire Fyy = aioTy. (6)
and the albedo4). Table2 gives an overview on the chosen This contributes to the longwave outgoing radiation in ad-

parameters. dition to the transmittance of the upward directed longwave
At the top of the atmosphere (toa), the downward short-surface flux:

wave flux equals the solar radiation: tanlT —(d—a) Sch|¢ tao T @
w W a-

toa —2
Foy=S=342W 2. (1) In steady state the fluxes are balanced; i.e. at top of the

gtmosphere (toa) and surface (sfc), both net flusREF (et
andeCFneo are zero. Hence the temperatures for the surface
and the atmosphere can be deduced directly from

The atmosphere absorbs shortwave radiation, and with th
assumption of no reflection or scattering the downward flux
at the surface (sfc) is
toa _ _toapt ,toap| _toapt

Fnet = F|W + FSW FSW (8)

=0 9)
A part of this radiation is reflected, and the resulting up- and

SCFgy = (1— as) '°%FY,, )

ward directed flux is partly absorbed by the atmosphere bestc _ _sfept _sfc ot sfc gl sfe gl
fore leaving the atmosphere: Fret= 0 Fiw = Fow 7 B+ Fsw 8(1);
Tordy= AR, ) which gives
apl = (1—as) S°FJ, (4)
_ JSA-(1A-a9)(A2—as)—1)) _ 286Kand (12
The temperature of the surface leads to an upward directeds = 2—a)o - a (12)

longwave radiation according to the Stefan—Boltzmann law:

g S— (1—a|)oTsf1— A(l—as)?S

ao

SRl = eo T2 G Ta ~255K.  (13)

w —

By using Kirchhoff’s law, which states that the longwave  The classical way to estimate the temperature caused by
emission equals the absorption, the atmosphere radiates withe greenhouse effect is to assume no atmosphere, (€0

www.geosci-model-dev.net/6/417/2013/ Geosci. Model Dev., 6, 427£2013



420 V. Grewe: Temperature tagging

andas = 0), which results in a surface temperature (E?). temperature categories are motivated. Here they are physi-
of around 255 K. The difference of 31K is then the effect of cally defined.

the atmosphere, i.e. the greenhouse effect. In the simple climate box model (Se&.2), changes to

For non-steady-state situations any flux imbalance leads tthe climate system are introduced via changes in the absorp-
temperature changes, following tion, which are parameterised depending on the carbon diox-

ide concentration (EqL6). That means that the individual
0 _ 1 oap s and (1)  contributions", TPC, TPC,T£C to the total temperaturg,
dr  carpar zair (andTs in analogy) are dependent on and directly linked to
9Ts 1 SR, the respective absorptions (Taldle
= —— . (15) The temperature equations are following Eqd4)(

ot c}s}fc psfc 7sfc

and (5):
The respective parameters are set to represent realistic val-
ues and to give a roughly 30yr response time of this sim-

ple climate systermHasselmann et al1993. Changesinthe 97, 1 '03Fj—SCFl and 27
concentration of carbon dioxide lead to a change in the ab- 3; — C%irpair zair (22)
sorption of longwave radiation. Therefore the absorptipn , fe i
. L2 N T 1 SCF]
is parameterised in a very simplified way to allow principle ——s — _— _____net (23)

studies on the greenhouse effect and on a doubling of CO ot Cf;fCPSfC zste

The greenhouse gases are grouped (see alsoS8cinto

non-carbon dioxide (“nC”; e.g. water vapour, methane, ni-

trous oxide), base case carbon dioxide (“bC”, here with awith i € {sw,nC, bC, eC}. Hence the heart of the temperature
mixing ratio C25, = 360 ppmv) and enhanced carbon diox- tagging is to derive the appropriate fluxes associated with the

ide (“eC”, e.g.C(e:%Z = 360 ppmv for a doubling experiment). absorption of the individual components.

The absorptions are then defined as follows: In this set-up, all shortwave fluxes are attributed to one
component only (“sw”, Tabl&). Therefore, the tagged short-
ar = ai"+al+a’C+afC,  with (16)  wave fluxes are straightforward:
a?" = 0.0 (without atmosphere) @an
nC
a =061 (18) W
c_ 360ppm ALy =R, (24)
a = 0.2-0.04 o, (19) tani sw_ tanl (25)
Sw - Sw
fo it SW s
o _ 25, ooy P =R, (26)
I =49 Cco, schsi\NSW _ SfCFéLW’ 27)
CeC
a|eC = alc CCOZ. (21)
Co,

whereas for all other categories the shortwave fluxes are zero.
The absorption with respect to G@epends on the total The only non-trivial parts of separation of fluxes into their
concentrationCco, = CE%Z + CS%Z (see also EQl9). The contributions are the longwave components. To illustrate the
individual contributions are then relative to the £€bntri- main idea, which is following the tagging principle for chem-
bution. _ o ical reactions Grewe et al.2010), the term(1 — a))S°F as
An instantaneous doubling of the Cafbon d_|0X|de CONCeNhart of the qux“"’J‘F,\TV is considered in more detail in the fol-
tration (from 360 to 720 ppmv) results in an increase in they, ine This is a typical example of a non-linear interaction

longwave absprptlon from 0'.77 to 0.79 with this absprptmn of multiple categories, where both the longwave absorption
parameterisation. The resulting instantaneous radiative forc- fo ot L L
; 0a ) . > . and the flux*F,,, have contributions from individual cate-
ing (°®Fnep according to Eq.§) is 3.68 Wn1? leading to . : w ;

. ories. This term can be written as
a steady-state temperature increase of 1.2 K and hence a cf’
mate sensitivity of 0.3 KWm~2)~1. Applying the method
of Gregory et al(2004) results in the identical value.

(1 _ a|) SchvlJv

; i
=@1-) a)> R}, (28)

The temperature tagging aims at tracking temperature P '

change_s caused by any change in the cllm_ate_ system in_ Z schJV’ _Zali schJvf (29)

every timestep of a simulation. In Se@.1 the individual ; i

2.3 Temperature tagging

Geosci. Model Dev., 6, 417427, 2013 www.geosci-model-dev.net/6/417/2013/
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=> (1-a) sfept’ > af sfet / (30)  contribution of the tagged absorption and the tagged long-
i i#] wave upward flux at the surface.
_ 1 giy St 1 i sfept J The top of the atmosphere longwave fﬁS'X‘FJV consists
= Z( —a) " Fy — 5 Zal Iw of two parts (see Ed). The transmittance has just been dis-
11 . i cussed above, and the flux emitted by the atmosphere is
i J
~5 > af R, CONEE ‘A o
i£] FaawTa =aio Ty T,. (36)
a
. i 1 . i
=> [(1—a|’) stepl — Ea'l (SfCFJ\, — stegl ) Here the basic idea is that the total temperature is rele-
i vant for the radiation emission and that no contribution is
1 iy sfcpt! more important than the other, which directly leads to a lin-
—(a—aq)) *F, (32) L . L o
2 ear decomposition according to the individual contributions

sicoti 17 istert stepti T; to the atmospheric temperatufg Note that this is a dif-
= Z[ Fw =3 (al By +a ™ Fy, )} (33)  ferent approach than considered in a perturbation approach,
i where a temperature change would be diagnosed for the case

The non-linearity in this term arises fropi o, F;, the sec- ~ that the absorption is changed. This would give a tempera-
ond term in Eq. 80), which describes the flux of categojy ~ tUre sensitivity, wh.ereas thg tagging provides consistent tem-
absorbed by category For example, what happens when the Perature contributions. This is often confused but has to be
radiation emitted at the surface associated with the “sw” ra-distinguished, since both approaches differ significantly and
diation is absorbed in the atmosphere by the enhanced cogddress different questionSiewe et al.201Q 2012 Grewe
concentration (*eC”)? The argument is that both processegom-_ _
are equally important and hence contribute equally 50% to Putting all this together, the tagged fluxes are
the fluxesSeF,! " and S°F,! ' (Eq.31). Note that this is the ¢, 47 T_S"SfCFT @
basic concept of this methodology. Whenever two processes “w = 7. Iw
or quantities are necessarily required, then they are equally . 1T &
important and contribute 50 % to non-linearities. Hence, weSfCFhfv = Schhfv_ <_a + _') (38)
find a decomposition of the left-hand side of E28)and can 2\Ta a

define the contribution of categoiyo the flux(1—a)) SfCFhTV

b toa Ti:sfc L st “
y F|W FIW 2a| FIW a SfCFIJV
- SfCF'JV 1(T! d
i 1 1 i gsfepd = (Za 1) 39
= Z[ *CFy, —al Ry, —5a R, ] (34) Wo2\Ta " a (39)
o B S By definition, the sum of all tagged fluxes equals the total
absorbed by byall flux, and hence the sum of the tagged temperatures equals the
or alternatively total temperature:
o 2. Ta=Ta and (40)

fopti _ 1 s
= Z S CFIW - §a|s CF|W al stFT (35) i
i w Y I =Ts (41)
The contribution from categorito the longwave flux at i
the top of the atmosphere resulting from the emission at the This means that the definition of the categories leads to a

surface consists of 3 parts (E84): (1) the contribution of ~ complete decomposition of the temperature as required.

categoryi to the emitted flux, i.e?fCF,\Tvl; (2) the reduction of
this flux by the contribution of categoiyto the absorption;
and (3) the reduction of this flux by the total absorption of The climate box model is formulated in Fortran90, with a
flux i. The factor 12 means that the othéy of this contri- timestep of 1 day. The temperatures are initialised by the
bution is assigned to another category (see also above). T'@eady—state values and the tagged temperatures by equal
terms (2) and (3) both include the contributithfCi«“lJvl of shares of the respective temperatures. A spin-up of 1000 yr is
50 % and hence provide together the total. regarded, before the actual experiment starts with a simula-
The alternative formulation (E@5) shows that the tagged tion length of 550 yr to again obtain an equilibrium situation.
absorbed flux can also be written as a fraction of the total ab- For the greenhouse effect experiments, the absorption of
sorbed quxa,SfCFth. The fraction is the mean of the relative the atmosphere is varied in stepswof 0.0,0.1,...,0.9,1.0;

2.4 Experimental set-up

www.geosci-model-dev.net/6/417/2013/ Geosci. Model Dev., 6, 42722013
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i.e. a shortwave and a longwave absorptiorvaf and aq)
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i C eC 290 T T T T T
are taken into accountzf( =0.16 anda/™~=0).a« =0 and 430
a =1 refer to “no atmosphere” and “full atmosphere”, re- 280 %’
spectively. o 120 3
The CQ doubling experiment starts with a background 5 270 | e
CO, concentration of 360 ppmv (RS =360ppmv and 2 260 L 110 %
C&%,=0 ppmv) for the spin-up period. After the spin-Ggg, 8 40 S
is set to 360 ppmva€ = aPC = 0.09). E» 250 é
E 240 | 8
R It 5 m
3 esults B a0l 3
=
3.1 The greenhouse effect 20 L )
1 1 1 1 1
In Sect.2.2 the greenhouse effect is defined as the differ- 0 0.2 04 0.6 0.8 1

ence in surface temperature for the cases with and without
an atmosphereAhdrews 201Q Barry and Chorley2003
Jacobsen2002 Ramanathan1998 Smil, 2003. Another
explanation is given byPCC (2007, p. 946): “Greenhouse
gases effectively absorb thermal infrared radiation, emitted 280
by the Earth’s surface, by the atmosphere itself due to the _
same gases, and by clouds. Atmospheric radiation is emitted% 270
to all sides, including downward to the Earth’s surface. Thus, >
greenhouse gases trap heat within the surface-tropospher§& 260
system. This is called the greenhouse effect.” g
These are two definitions, which basically address the e
same physical properties of the atmosphere. However, they§ 240
are inconsistent as will be shown in the following.
Figure2a shows the increase in surface temperature when 230
continuously increasing the atmospheric absorption (both sw
and lw) from no atmosphere to the full atmosphere, reaching
roughly 30 K, consistent with, for exampléndrews(2010. 0 0.2 0.4 06 08 1
Figure 2b shows the contributions to the surface tempera-
ture from the shortwave component (red), nonsGfPeen- b)
house gases (green) and from £@®lue). The contribution
of greenhouse gases (red and blue) is 68 K and hence a factéig. 2. Top: steady-state surface temperature (K) for the situation
of two larger than the classical calculation of the greenhousef no atmosphere< 0) to a full atmosphere<{ 1). In between the
effect (Fig.2a). shortwave and longwave absorption are scaled. Bottom: as top but
One major difference is the different handling of the short- with gdditional information of the contribution of the longwave ab-
wave absorption of the atmosphere. In Flg.the transition ~ SC'Ption due to non-Cfgreenhouse gases (*nC”, red) and £0

w n SW
from no to a full atmosphere includes an increase in both the PC"» green). The temperatur™ follows the lower edge of the
red areas. Additionally two sensitivity experiments are included,

_Shortwave absorption and the Iongwave_ absorption, Wherea\ﬁhere longwave absorption is excluded, which gives the effect of
in Fig. 2b the temperature associated with greenhouse 9aS&hortwave absorption on the surface temperature (solid line) and

(_TnC+ T_bc‘[‘ T¢C) is solely attributed to longwave absorp- \yhere longwave absorption is set to the “full atmosphere value” of
tion. Switching from no to a full atmosphere leads to an 4 = 0.77 (dashed line).

increase in the shortwave absorption and consequently to
a decrease of the shortwave downward and upward radia-

tion at the surface (Figda). The net surface shortwave ra-  Thijs shortwave cooling effect is largely compensated by
diation € Fgy — S'Fdy) is decreasing by around 50WTh  an increased longwave absorption of the atmosphere. This
This decrease in the flux leads to a decrease of the surfacgan be shown in a simple experiment, where the longwave
temperature by roughly 14K (Fi@b, solid line). It can be  absorption is constani(= 0.77) and only the shortwave
easily determined by considering a surface flux balance fombsorption varies (Figb, dashed line). The compensating
an atmosphere without a longwave absorptian=0), but  effect leads to an increase in atmospheric temperatures and
with a shortwave absorption, which gives a temperature ofan increase in the longwave downward flux at the surface
JA—A1—as?)S/o. of more than 200Wm? (Fig. 3a, blue dotted line). The

No Atmosphere Full Atmosphere

290

m

250

Surf
[M] 10813 ainesadwa] Ho pabbel

220

No Atmosphere Full Atmosphere
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— 200 = T T T C_D| — %(2)8 b) T T T T T a
| - 13 - - - e 3
£ 10 Total 5 £ “sop Solar ("sw") 1%
S 100} 42 S 60 42
(7] = (%) 40 - 1 &
o 50 | S o 20 PN>ormm S
g o 2 % JEMS——
@ \ ] 20 + \ _
5 50 | z S a0 | \ — 5
3 100 | 18 X 60 —— 13
i o — T -80rf - 1=
-150 | e T tooo oo [ = X -100 | | | | | | =
900 1000 1100 1200 1300 1400 1500 900 1000 1100 1200 1300 1400 1500
Time [years] Time [years]
-« 80 ) T T T T 1 T ('_D| 20 —
60 |-C “"Aon- "nC") 43 I T | —— T @
£ ol onencocHeln 18 E 15fd) . CO,(bCY) 13
% 20 | {8 Rl 18
9] s o 5 q4e
=] 0 S ® (0] =
c S o 0 S )
8 -20 + RS 15 = o
5 ] g Sr N 13
x 40r S 18 S -10r 12
T 60 e 12 5 -15 e 1%
30 I I I 1 I I X o 20 I I 1 N fooo oo r ] =
900 1000 1100 1200 1300 1400 1500 900 1000 1100 1200 1300 1400 1500 —
Time [years] Time [years]

upward sw -—----- sW ———

downward sw - lw ——

upward lw ------- net ——

downward Iw - dT ——

Fig. 3. Evolution of flux changes (W m?) (coloured lines) and temperature changes (K) (black line) in the experiment, where the shortwave
and longwave absorption is zero during the spin-up time (1000 yr) and then set to the “full atmosphere”agt182 (anda; = 0.77).

Shortwave fluxes are shown in red, longwave in blue. Upward (negative) and downward (positive) fluxes are dashed and dotted, respectively.
The total net-flux changes are shown as a purple solid line. Changes are shown for the total flux and temperaturéaytzembtse

individual tagging categories: “swb), “nC” (c), and “bC’(d).

Therefore, during the transition from no atmosphere to a
Mean flux changes from no to full atmosphere full atmosphere, the temperature associated with the short-

g 400 ' ' ' ' 2 wave radiation {$%) decreases, since the shortwave cool-

S 300 -?D ing is, different to the surface temperaturg)( not over-

g 200 3 compensated by longwave radiation (Figb. and4). The

§ 100 5 upward longwave radiation at the surface is attributed to the

2 0 S category “sw” by 100 % in the case of no atmosphere. Hence

2 -1oo é also the upward longwave flux at the top of the atmosphere

8 :288 . . . . ; and the downward flux at the surface are fully attributed to

= All sw non-CO,  CO, - the category “sw”. The greenhouse gases (categories “nC”

and “bC") absorb longwave radiation and contribute consid-

Swsdv‘v"’l‘jg L ﬂ,f,"ﬁg — 0.04net === erably to the longwave atmospheric radiation leading to an

increase in temperature of 68 K. Since the processes are iden-
Fig. 4. Summary of Fig3. Mean flux changes over the simulation tical for the categories “nC” and “bC”, the results differ only
period are shown for the total (“All’) and the regarded tagging cat- by a constant factor (Fig8c, d and4).
egories. Shortwave and longwave fluxes are shown in red and blue, Figure 5 summarises the results by comparing the net
respectively. Downward fluxes are shown in darker colour than up-shortwave flux and the downward longwave flux. Their sum
ward fluxes. The net flux (purple) is scaled for presentation reasonsngs to be balanced by the emitted longwave radiation at the
Temperature changes are in black. surface temperature (E@1). Without an atmosphere (left)
the surface temperature (255K) is determined by the net
net longwave warming effect at the surface is largely over_shc_)rtwave radiation _(see also above). With an atmosphe_re,
which absorbs only in the shortwave, this shortwave flux is

F:_ompensating the shoerave cooling effect, leading to a POSteduced and leads to a surface temperature of 241 K. With an
I(tII:\?S Egtal flux and an increase of the surface temperatureatmosphere (second right) the longwave downward flux adds

to the net shortwave flux by approximately the same amount
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Fig. 6. Surface temperature (K) as a function of the surface flux
(sum of net sw and downward Iw) (black line W) and attribu-
tion of temperature contributions to fluxes (colour code as inEig.

Fig. 5. Shortwave (net) and longwave (downward) fluxes at the sur-
face (Wn1 2) and respective surface temperature contribution (K)

for the case without an atmosphere (left) with an atmosphere only ed sw contribution; green: background greenhouse gases; and blue
absorbing in the shortwave (second left), with a full atmosphere 9 9 9 9

(second right) and additionally temperatures attributed to longwave background CQ). See also Figp.
and shortwave radiation. The surface temperature leads to an up-

ward longwave radiation, which has to be balanced by the net short-
wave and longwave fluxes. 31K and 68K largely differ. The surface temperature with-

out an atmosphere is 255K (Fif). The surface fluxes are

reduced for an atmosphere, which solely absorbs in the short-
and increases the surface temperature to 286 K. Hence th@ave. The surface temperature decreases by 14K to 241K.
contribution of the net shortwave flux and longwave flux to The surface flux increases by a factor of two because of the
the surface temperature are 144K and 142K, respectivelylongwave absorption, if a full atmosphere is considered. This
However this is not yet the temperature associated with thdeads to a reduction of the contribution of the shortwave in-
shortwave and longwave processes, since a large fractiofiux to the surface temperature from 100% to 75 %, when
of the longwave radiation, which is emitted by the surface,changing from an atmosphere which only absorbs in the
is actually caused by shortwave radiation. This radiation isshortwave to a full atmosphere. This contribution of roughly
absorbed by the atmosphere and contributes to the long?5 %, which represents a flux of 290 W leads to a tem-
wave downward radiation. Hence the total longwave down-peraturel$" of 218 K and a temperature associated with the
ward radiation of 189 Wm? has a contribution of 988 Wn?  greenhouse effect af"C + 7.0€ = 68 K.
due to the radiation emitted by the surface (the part which
was heated by solar radiation) and a second contribution 08.2 Effects of a CQ doubling
91 W2 due to absorption of longwave radiation by green-
house gases (right part of Fif). This attribution is shown Figure7 shows the top of the atmosphere flux, surface and
in more detail in Fig.6. The temperature increases highly temperature changes for the g€@oubling experiment. Af-
non-linearly (4th square root) with the surface flux. In the ter the spin-up time, the radiation flux responds immediately
situation of an atmosphere absorbing only in the shortwaveto the change in the longwave absorption. The atmospheric
the surface flux of 192Wm? leads to a temperature of temperature shows an immediate drop. This drop is caused
241K (red). The temperature to flux ratio (solid line) is much by the different response times of the atmosphere and the sur-
lower in the situation of a full atmosphere, and the flux of face. Shortly after the change in the absorption, the surface
381 Wnr2leads to a temperature of 286 K. Due to this lower fluxes are almost unaffected, but the atmospheric tempera-
ratio, the flux of 192 Wm? leads to a much lower contribu- tures react quickly. Hence the atmospheric longwave emis-
tion to the surface temperature of 144 K (red) in the situationsion increases, leading to a radiative cooling. Then the sur-
of a full atmosphere. The flux originating from the solar heat- face temperature slowly increases due to the increasing flux
ing of the surface and the subsequent longwave radiation andmitted from the atmosphere caused by the increased absorp-
atmospheric absorption amounts to 98 Wand thus lead-  tion, which in turn also leads to a warming of the atmosphere.
ing to 74K (green). The remaining greenhouse effect, the The contribution of the greenhouse gases to the surface
absorption of longwave radiation due to greenhouse gasesemperature is shown in Fi§. The largest contribution with
accounts for a flux of 91 Wm? and hence 68K (blue). 218K arises from the incoming shortwave radiation heating

Therefore, the two different ways to calculate the contri- the surface T$") as already discussed in Se@tl The non-

bution of the greenhouse effect to the surface temperature a€O, greenhouse gases contribute with additional 5%@0
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ual tagged surface temperatures (K) in an experiment, where after a
Fig. 7. Temporal development of the top of the atmosphere flux 1000 yr spin-up C@ concentration is doubled.
(8Fhep in Wm—2, surface and atmosphere temperatufe gnd
Tz) in an experiment, where after a 1000 yr spin-up@0ncentra-
tion is doubled. the temperature associated with shortwave solar input is de-
creased by roughly 1.3 K. (Note that these numbers refer to
steady state, i.e. after 500yr.) Therefore, a temperature in-
crease of 2.5K from the greenhouse effect is reduced by

bC : :

(I5™). The change in C®concentration leads to changes y 3y qye to the decreased importance of the shortwave com-
in the surface temperatuffg, which largely can be explained  ,,nents (“sw), leading to an overall increase in temperatures
by the change in the temperature associated with the CO ¢ .0 ind 1.2 K.

change 1€+ 7£°) (Fig. 9). The temperature of the individ-
ual CQ, contributionsT'°© and7.£€ are identical with around
8K when reaching steady state for the £ddubling exper- 4 Towards a temperature tagging in a comprehensive
iment. They have to be identical, since the base, €Can- climate model = some remarks on the method
centration and the enhanced concentration are equal and ra- and applications
diation does not favour any kind. Note also that the perturba-
tion lifetime of the tagged temperatures is significantly larger The method of temperature tagging presented here is applied
(90yr) compared to the perturbation lifetime of the climate to a very simple box climate model. It shows the feasibil-
system of around 30 yr. ity of tagging temperature (or any other quantity). In com-
The increase of atmospheric longwave absorption leads tprehensive climate models the temperature equation includes
an increase in the atmospheric temperature. This increase edvection, adiabatic heating, diffusion, and diabatic heating,
not caused by the category “sw”, and hence the rﬁstvf(JTa e.g. radiation and latent heat release. A detailed description
decreases, meaning that the contribution of the shortwavef a temperature tagging in such a model is beyond the scope
component to the atmospheric temperature decreases. Henoé this paper. However, | like to give some ideas on possi-
the longwave downward flux associated with the “sw” com- ble implementations. A generalized tagging approach is pre-
ponent decreases, leading to a lower surface temperature asented in a companion pap&rewe 2013.
sociated with the category “sw”. (This mechanism is identi-  Figure 10 gives an simplified overview on an arbitrary 3-
cal to the longwave contribution in the decreas@8¥ from D climate model (black) and necessary extensions for the
a “no atmosphere” to a “full atmosphere” scenario. See pretagging scheme (red). First, quantities are defined and ini-
vious section.) tialised. Without loss of generality, temperature is regarded
The increase in the surface temperature also leads to ahere as a tracer, i.e. an advected quantity. For the tagging
enhanced upward longwave surface flux, which in turn in-scheme additional tracers have to be defined and initialised
creases the absorption of the non-C@reenhouse gases accordingly. For the Russian heat wave example, this would
leading to an increase of the temperatlgﬁ?. imply two tracers: one which experiences all natural effects
Hence, this tagging methodology nicely allows a sepa-and one with anthropogenic greenhouse gas effects. The sum
ration of non-linear effects. A doubling of the GQ@on- of both fields equals the temperature field. These fields are
centration in this climate box model leads to an increasethen advected by the models’s advection scheme. During the
in the CQ-related temperature of around 1.9 K, enhancingphysics and radiation calculation, all temperature tendencies
the overall greenhouse effect and hence also the contribuhave to be extracted and tagging tendencies calculated from
tion of non-CQ greenhouse gases by around 0.6 K, whereaghese tendencies, which is basically the heart of the tagging

and the background CQOconcentration with around 15K
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scheme and refers to Sect. 2.3 in this paper anGrewe -
(2013. Finelly the temperature fieldl and the taggeq fields ntegrate | lr;t:gr:;e P
have to be integrated; i.e. the next time step value is calcu Tracers |{/ e
lated based on the tendencies. This leads to two 3-D fields fo
every timestep, which give the contribution (in K) of natural
and anthropogenic effects to temperature. ‘o

The easiest part of the temperature equation is advectior
since advection is a linear operator. Hence applying the ad
vection scheme to the individual tagged temperature fields
gives in the sum, if the advection scheme is mass conservingsig 10, principle flowchart of a climate model (black) and neces-
the same result as the adVeCtion of the sum, i.e. the tempeg'ary extensions for a temperature taggmg scheme (red).
ature. Also straightforward is the handling of the adiabatic
heating term in the tagging equation. This is a process which
affects all tagged temperature fields equally, and hence the ,
adiabatic heating term of the temperature equation can be Conclusions
linearly decomposed according to the contribution of the in- . o )
dividual tagged temperatures to the total temperature. In this study a new methodology is introduced which at-

The more Comp|ex part of the temperature tagg|ng equalrlk).utes the influence of individual prO(?eSSES on temp?rature.
tion includes the diabatic terms, as already in this application T his method, called temperature tagging, follows the idea of
It might be worth considering individual tagging categories @ fully tagged chemical systersewe et al.2019. Funda-
for these terms, like temperature from latent heat, and (as iffeéntal to this tagging approach is the idea that two quan-
this application) from individual radiation components. For tities are equally important when they are both controlling
the latter, the heating rates caused by individual component8 Process. This allows a decomposition of non-linear forc-

have to be determined. A companion papBrewe 2013 ing terms into individual forcing terms for tagged quantities.
describes a generalized tagging formula and provides a basi&"€ tagged quantities have to be seen as contributions to the
for how to treat more complex processes. total quantity. A cooling process may lead to a negative con-

An implementation of a temperature tagging would pro- tribution to surfaee temperature, leading to a nega_tive tagged
vide a method to answer questions like how much of thetemperature, which cannot be regarded as a physical temper-
Russian heat wave is caused by man-made €@issions  ature per se, but only as a portion of the total temperature.
(see also Introduction). This question must not be confused A Simple climate box model is applied to determine the
with another frequently asked question — namely whethercontribution of atmospheric shortwave (“sw”) and longwave
this event would have happened in a world without climate @0sorption to temperature. The longwave absorption is split
change — which cannot be answered by the tagging method!Nto three parts: absorpt.|on due to non-OfPeenhouse gases

Other applications might be the quantification of feedback('NC"); base cor_lcen"fratl,en of C*bC"); and an enhanced
processes, like the temperature change caused by ozone de©2 concentration (“eC”). For each of the four tagging cat-
pletion. How large is the contribution to tropospheric temper- €30ries, the associated fluxes and the temperature evolution
atures? The large advantage of this method is its diagnostig"® calculated.

nature. There are hardly any aspects of statistical noise. WO experiments were performed. In the first, changes
in fluxes and temperatures were investigated starting from
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