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Abstract. We present a simple model for the longwave andall cooling effect for the Earth-atmosphere system. This is
shortwave cloud radiative forcing based on the evaluation ofhowever not true for all individual cloud types. Most impor-
extensive radiative transfer calculations, covering a globaltantly, cirrus clouds have an overall positive radiative impact
range of conditions. The simplicity of the model equations (Chen et al.2000).

fosters the understanding on how clouds affect the Earth’s The importance of the CRF is contrasted by a general lack
energy balance. In comparison with results from a compre-of simplified concepts explaining what determines the sign
hensive radiative transfer model, the accuracy of our paramand magnitude of CRF for different types of clouds and en-
eterization is typically better than 20%. We demonstrate thevironmental conditions. Previous treatments of CRF have
usefulness of our model using the example of tropical cirrusbeen either relatively complex or of specialized applicability
clouds. We conclude that possible applications for the mode(e.g.,Baker, 1997 Chylek and Wong1998 Hartmann et aJ.
include the convenient estimate of cloud radiative forcing for 2001).

a wide range of conditions, the evaluation of the sensitiv- Here, we present a simple but nevertheless quantitative
ity to changes in environmental conditions, and as a tool inmodel for CRF. We discuss the longwave and shortwave
education. An online version of the model is available atCRF, derive simple approximations and use results from ra-
http://www.iac.ethz.ch/url/crf diative transfer calculations to determine the free parameters
of our parameterizations. Even though the resulting equa-
tions are simple, they provide useful insight into the way
clouds influence the Earth’s radiative balance. In order to
demonstrate the capabilities of our parameterizations, we ap-

Clouds are an important element of the climate system a®!y them to the case of tropical cirrus clouds.

they have a big impact on the Earth’s energy balance. The

role of clouds for the climate system can be described us-

ing the concept of radiative forcing. Here, we define cloud2 Method

radiative forcing (CRF) as change in radiative fluxes at the ] ] o

tropopause in the presence of a cloud relative to the clear skyVe derive a simple parametrization for the longwave and

situation, in accordance witBhylek and Wong1998 and ~ Shortwave CRF with a few free parameters, which we esti-

Chen et al(2000. mate from calcu_latlons with the Fu-Liou rad|at_|ve transfer
Several studies have quantified the CRF (Bgrkstrom ~ Model Eu and Lioy 1992 1993. These calculations cover

1984 Rossow and Lacjg99Q Hartmann et a1992. Chen & globa] range of realistic a.tmospherlc condmpns gnd cloud

et al.(2000 have estimated shortwave and longwave CRF toprop.eme.s_, in order to obtain a parameterization with broad

amount to approximately-50 and +20 Wm?2, respectively, ~aPplicability. o

on the global and annual mean. This results in a negative net TWO0 years (2000 and 2001) of monthly and longitudinal

CRF of —30 Wn12, which means that clouds have an over- mean atmospheric prpfilgs of temperature, ozone and water
vapor data with 2 5latitudinal resolution from the ECMWF

) ERA 40 reanalysis project are used to describe the variabil-
Correspondence tdT. Corti ity in atmospheric conditions. All profiles are interpolated
BY (thierry.corti@env.ethz.ch) to a vertical resolution of 250 m. The surface properties are
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characterized by corresponding ERA 40 monthly and longi- 100 T T T T
tudinal mean surface temperature and albedo.

Radiative transfer calculations are performed for each at-
mospheric condition in combination with a set of sun ele- 150 [
vations corresponding to a time step of three hours during -
daytime. First, a clear sky calculation is accomplished to 'E
define the reference condition for the calculation of CRFs. =
Then, a set of calculations is performed, inserting a cloud 2 -200 [
layer with 1 km vertical extent and an optical depth between 2 =
0.01 and 100 at a height ranging from the boundary layer to g [
the tropopause. Ice clouds are assumed at temperatures be- 2250
low —10°C and water clouds above. Ice particle sizes are [
chosen based ddeymsfield and Plai1984), depending on

—

the cloud top temperature, assuming that all ice crystals are 3000 . . .
hexagonal columns~{;, 1996 Fu et al, 1999. For water

clouds, the effective particle radius is set to 10 um. CRF is 220 240 260 280 300
then calculated from changes in longwave and shortwave ra- Tsrf /K

diative fluxes at the troposphere. Altogether, several hundred
thousand radiative calculations are performed in this manner.

It is important to note that we define CRF relating to the kg 1. clear sky longwave radiative flux at TOA§Y) as func-
difference between two local atmospheric conditions. Thistion of surface temperaturBs,s based on global radiative transfer
definition is consistent witlfChylek and Wong(1998 and  calculations (symbols) and following the parametrization in Equa-
Chen et al(2000. It differs however from the definition in  tion 2 (red curve).

IPCC (2007, where radiative forcing is defined on a global

level and relative to preindustrial conditions. Moreover, we

define radiative forcing as the change in net irradiance at th@f upwelling fluxes only, because there are no significant in-
tropopause without allowing for stratospheric temperaturescoming longwave radiative fluxes originating from the sun. If
to readjust to radiative equilibrium. We thus calculate CRFWe assumed the Earth to be a black body at a uniform temper-
as an “instantaneous radiative forcing*, whereas other definiatureZsit without surrounding atmosphere, the net longwave
tions include the adjustment of stratospheric temperatures ddiative flux at TOA ¢*") would correspond to the outgo-
further elements of the climate systefRCC, 2007). ing longwave radiation (OLR) emitted by the Earth following

We will apply our simple model for CRF to the case of the Stefan-Boltzmann law,
tropical cirrus clouds (Sec#). To do so, we use ameantem- rLw _ o Tet? @
perature, water vapor and ozone profile from tropical balloon '
sonde measurement€drti et al, 2005 to describe the at- where o is the Stefan-Boltzmann constant afgy¢ the
mospheric properties and perform calculations as describe@tarth’s surface temperature. In reality however, the Earth
above to evaluate the performance of our parameterization. is not a black body and has an atmosphere that absorbs and

emits longwave radiation. The absorption is highly wave-
length dependent and determined by the atmospheric com-
3 Cloud radiative forcing position, most importantly by water vapor and carbon diox-
ide (CQ) (Liou, 1992. Due to its long atmospheric life-
We derive a simple model for CRF and use results from ra-time, the CQ concentration is roughly constant all over the
diative transfer calculations to determine the few free paramglobe. The water vapor concentrations in contrast vary con-
eters of our parameterizations. The main assumptions madsiderably. The atmospheric water vapor path is closely linked
in the derivation of the equations and required input param+o the temperature in the lower troposphere via the Clausius-
eters are summarized in Tatdeincluding the approximate  Clapeyron relation and thus correlated with the Earth’s sur-
range of applicability based on the range of parameters usefhce temperature.
in the radiative transfer calculations. The symbols in Figurd show calculated clear sky long-
wave radiative flux at TOAFS", using the radiative trans-
3.1 Longwave radiative budget fer model in combination with ECMWF ERA-40 profiles.
The longwave radiative fluxes are plotted as negative values

LongWaVe radiation is defined as radiation with WaVelengthSto emphasize that it represents an energy loss for the Earth-
longer than 4 pm and is essentially of terrestrial origin gtmosphere system.

(Glickman 2000. As a consequence, the longwave radia-
tive budget at the top of the atmosphere (TOA) is composed
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Table 1. Main assumptions for the CRF model and necessary input parameters with approximate range of applicability.

Longwave CRF Shortwave CRF
Assumptions Plane parallel model Plane parallel model
Clear sky radiation depends on Atmospheric absorption only above
surface temperature only cloud
Cloud is semi-transparent black body Non absorbing cloud
Cloud emissivity depends on optical Isotropic upward radiation
depth only
Input parameters  Optical depth(<100) Optical depth (<100)
(range) Cloud temperatuf®q (180 K—-305 K) Surface albedo (0.0-1.0)

Surface temperaturBys (210 K-305K)  Solar constarst
Zenith angleZ (0°-90°)
Note: I = S cogZ)

Assuming a plane parallel cloud free atmosphere, we can . . .
H LW * Kk % % K x % Kk
attempt to approximate;" by " Ty (1-¢€) o Ty +e"0 Tyy
T0A
FLW

~ k*
o A0 Tgy 2 A ]

wherecs* andk* are two parameters which we can estimate
from radiative calculations. We use the symbad highlight T,
fitting coefficients of our approximations. A regression anal-

ysis applied to the computed fluxes leads to a best estimate
foro* = 1.607x 1074 W m~2K~2528andk* = 2.528, result-

ing in the red curve in Figl. The estimated values following
this parametrization always remain within 10 % from the val-

ues calculated using the radiative transfer model, with a mean J
error of 2.2% and a standard deviation of 5.6 Win The
most prominent deviations are found at the highest temper- T Tyr

atures, where the variability of the atmospheric water vapor Surface W/WW

path dominates the variability if;" (Raval et al. 1994.

Therefore, the absolute value 8" is lower in the moist

inner tropics than in the remaining, drier tropics. Fig. 2. Simplified plane parallel model to estimate the outgoing
We could improve our parametrization by including a mea-longwave radiation (ORL) in clear sky (left) and for a cloudy at-

sure for the amount of absorption from water vapor, e.g., bymosphere (right). Ts is the surface temperaturégq the cloud

adopting the parametrization tllan et al. (1999, which top tempt_erat_ureq* tkle effectlve_Stefan-BoItz_me_m_n constant in our

takes the column averaged tropospheric relative humiditfarametr'zat'on and’” the effective cloud emissivity.

into account. But because we are more interested in cloud

raf;;"‘ tive effectg than. Ina sophlstlcated pa“.”‘m?t”zat"’” Ofcorresponds to its absorptivity based on Kirchhoff’s law, i.e.,
F we leave it at this very simple parametrization.

ar _ W the fraction of incident infrared radiation that is absorbed by
Next, we want to see how a cloud influence$". We the cloud.

approximate a cloud by a semi—Fransparent black bpdy. '_I'he We can thus express the cloudy sky" as

cloud absorbs part of the upwelling longwave radiation orig-

inating from the Earth surface and transmits the remainingFClTJV ~(1— G*)G*Tskr‘; + G*U*T(:l{IZ’ (3)
radiation. Part of the absorbed radiation is re-emitted by the

cloud following the Stefan-Boltzmann law at the temperaturewhere T,;; is the cloud top temperature. The first term in
of the cloud. Figure illustrates the clear (left) and cloudy Eq. (3) is the amount oFCL,rW transmitted through the cloud,
(right) sky situation. The transparency of the cloud can bewhereas the second term is the amount of longwave radiation
described with the help of the emissivily The emissivity  emitted by the cloud. We have to notice that this parametriza-
€ of a cloud is the ratio of the radiation emitted by the cloud tion is a crude approximation. Specifically, the parameters
to the radiation emitted by a black body at the same tempere* andk™ have been determined from clear sky calculations
ature. At the same time the infrared emissivity of a cloud and do not necessarily apply to the radiation emitted by a
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cloud. We will take this into account in our calculation of I
the cloud emissivity, using an effective emissivity. The
advantage of Eq.3] in this form is that it is very simple and TOA
leaves us only one parameter to adjust, which we can deter-
mine from radiative transfer calculations.

The cloud emissivitye mainly depends on the cloud op-
tical depthz, which is in turn a moderately wavelength de-
pendent quantity. For the sake of simplicity, we will only use
the shortwave optical depth in our parametrization. Follow-
ing Stephens et a(1990, the cloud emissivity is approxi-
mately

Surface

e~1—e07, (4)
Fig. 3. Plane parallel model for the shortwave radiative budget for

wheres = D(1—®,) andD (*1.66) is the photon diffusivity  clear sky (left) and cloudy sky (right)! is the incident solar flux

anda, the single scattering albedo. Equatidiié based on  with solar zenith angle. r and R stand for reflectance,and for

the assumption of zero scatterirst¢phens et 11990). transmittancew is the surface albedo.

With the help of our radiative calculations, we can now
determine a typical value f@rto estimate the effective emis-
sivity €* in Equation3 as function of the shortwave cloud
optical depthr. We find a typical value fos, §* =0.75. We
again use the symbélto emphasize that it is a parameter for

0.4 to 4 um, which is essentially of solar origi@lickman
2000.

The shortwave radiative budget is more complex than the
our approximation. Our value ar implies thati, =055, 1o 9wave budget because i deays with ineoming and ouigo-
which is realistic for longwave radiatiorS{ephens et al. : .

g ©p 3 model that we want to discuss here, closely follon@igylek

1990. The exact value of* is not decisive for our pa- LT .
rameterization, since variations of 10% in this parameterand Wong(_1998. T_he clear sky_S|tuat|on_|s depicted on the
left hand side of Fig3. For a given daytime and location,

increases the mean error of CRF (Eg. 5) in comparision . )
(Eq.5) P the incident solar flux depends on the solar zenith angle

with radiative transfer calculations only by about 1%. i
We can now calculate the longwave Cloud Radiative Forc—tzh’ [r:ﬂS (t:i(\)/‘?ftz )’f mher?ri IS tEerSOI_?L cc:]lr;ftap;[; ?O?nritis m
ing (CRF-Y) as the difference betweer};}’ andF;", this cre e::h B{O ia O'.stﬂ ete. ?tt ect Inc f? . ga
is, the difference in outgoing longwave radiation with the Crosses In€ atmospnere with a transmitia IS refiecte
at the surface with an reflectivity (albed®) The transmit-

loud t d to the cl k : . .
cloud present compared fo Ihe clear sky case tance for the outgoing diffuse beamyis The TOA clear sky

* * * SW ;
CREV = FEV — FEV ~ o (Tg¥ — TE ) (1—7%'7), (5) shortwave net fluxy" is then
with o*=1607x104Wm2K™4, (*=2528 and For =I1(L—r—1la). )
§*=0.75.

The cloudy sky situation is described on the right hand side

According to Eq. ), CRF-V is proportional to the differ- . .
: of Fig. 3, forming a three layer plane parallel model of the at-
ence bietween ground and cloud top temperature. CHis mosphere. The reflectance of the layer above the clofgl.is

usually positive, because the ground is typically warmer than o ) .
the top of the cloud. CREY is also proportional to the cloud All layers have a specific transmittance for the downward di-

emissivitye. A comparison to the CRE calculated with rect beam and for the diffuse radiation. The reflectance of the

; . . , )
the radiative transfer model reveals a mean error of 10 % inCIOUd is R, for the incoming beam and.’ for the outgoing

i diation.
the estimated CRF" based on Eq5). ra . :
For optically thin clouds€<0.3), we can linearize Eq6J If we take multiple reflections between the cloud and the

and arrive at surface into account and neglect all other multiple reflections

between individual layer, then the TOA cloudy sky short-
CRFW ~ o*(Tk — TX)s*t. (6)  wave net fluxF} becomes

This equation will be useful in the discussion of the net Fc'bl“g" = (1 ~R,—R. T, T, —aT, T,)T, T, T. T,

cloud radiative forcing (Sec8.3). 2 o 24

(14 «R/Ty? + a® R? T, +...)). @8)
3.2 Shortwave radiative budget

This equation has a considerable number of unknown pa-

Complementary to the longwave radation, the shortwave rarameters so that we have to make some simplifications be-
diation comprises the visible and near-visible portions offore we continue. Let us assume that the reflectance and
the electromagnetic spectrum with wavelengths ranging fromwo-way transmittance of the atmospheric layer above the
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cloud are the same in cloudy as the in clear gky=r and In comparison to the radiative transfer calculations, this
T,T, =T,T,” =tt'. This means that we assume all atmo- parameterization of CR® has a mean error of 7 %.

spheric reflection and absorption to occur above the cloud. In the remainder of this section we discuss some specific
Furthermore, we assume that no absorption is occurring ircases of Eq.1(3).

the atmospheric layer below the cloud and tiipis- 7),' = 1. In case ofx = 1, CRFY becomes zero, as the perfect
Finally, the cloud layer is assumed to be non absorbing inground reflectivity is not increased by the addition of a cloud
the shortwave spectrum, so tlifat=1— R.. We then obtain in this case. In the opposite cages 0, there are no multiple

after some rearrangement reflections between cloud and ground. Equati®8) then
R.—aR/ becomes CREV~ — I 1t"* R, thus maximizing CRE" .
Fad ~ 1 (1 —r—tt'a —(1— 0!)”’#) ) Equation (.3) differs from similar expressiong@ltridge
- c

o _ ~and Platt1976 Twomey, 1977). These assume th&, and
The reflectivity of the cloud layer can be estimated using .’ are equal, which is not generally the case. Furthermore,

(Baker, 1997, our expression describes an interesting phenomenon. We can
R.o—_"© (10) conclude from Eqgs.1(1) and12) that for solar zenith angles
Ty below 60, the cloud reflectivity is smaller for the incoming

H H 1 H /
wherey = 1/(1 — ¢) andg is the asymmetry factor, a mea- than for the outgoing radiation, i.eR.<R.. As a conse-

sure for the fraction of light scattered forward by the cloud 9U€nce, part of the solar radiation can become trapped be-
particles. However, Eq10) only refers to vertical incidence. Ween cloud and surface, leading to a positive €At be-
To calculateR. and R]., we have to consider that the short- comes clear from qu(?) that t,h's’_ is only the case_for high
wave radiation is not necessarily propagating vertically toSurface albedo. This finding is in accordance with a more
the cloud. The effective cloud optical depth for the incident dtailed study barlin etal(2003. _
direct beam of solar radiation depends on the cosine of the 7O opt|cal/ly thin clouds, we can linearize the equations
zenith angler = cos(Z) and is approximatelyei =7/, so [0 Re andR.’, yielding
7%
that . CREY ~ 11— O~ 2001, (14)
~ (11) v ¢
vr+r/¢ This equation is applicable for effective optical depths
This equation is a rough approximation that is only accu-(z /¢ and ) below 0.6.
rate at small optical depth in its original forr@¢akley and Often, we are interested in the CRF for daily mean con-
Chylek 19795. We will therefore use radiative transfer cal- ditions. As a convenient approximation (see eartmann
culations to estimate an optimum value forand thus make et al, 2001), we can calculate the daily mean solar zenith an-
the equation applicable to a larger range of optical depthsgle Z by averaging over its cosine during daytime. The daily
We could further expand our parameterization by deriving amean incident solar flux is then
function fory*. The use of a fixed value leads however to a - -
acceptable accuracy of our parameterization (see below) anf = §f cod2), (15)
keeps it as simple as possible. where f is the fraction of the day that the sun is above the
The upward beam of shortwave radiation consists of dif-horizon.
fuse radiation. Under the assumption that the radiation is

R¢

isotropic, the reflectivityR. is to a good approximation 3.3 Net cloud radiative forcing
R, ~ 2t ] (12) We can now easily compute the net cloud radiative forc-
y*+2t ing (CRP®Y) by adding CREY to CRFY, using Egs. §)
By means of radiative transfer calculations using the Fu-and (L3). In comparison with the results from the radiative
Liou code, we find/* =7.7. transfer model, the accuracy of our parameterization is typ-

We can deduce typical values for the two-way transmissiv-ically better than 20%. The parametrization also compares
ity ¢’ from the clear sky radiative transfer calculations usedfavourably withMeerkotter et al(1999, as shown irSchu-
in the previous section:’ depends on the solar zenith angle mann(2009.
and the atmospheric composition. For the sake of simplicity, The combination of Eqs.5f and (L3) does not lead any
we will use a mean value here. For diurnal mean conditionsfurther in terms of a mathematical analysis. For optical

a good value ist’* =0.73. depths below about 0.3, we can alternatively use Ejar(d
We obtain the shortwave cloud radiative forcing (CRF ~ (14), yielding
as the difference of Eqs9) and (7): CRRE®t ~ (16)
R. —aR/

SW _ pSW SW r*
CRF _FC|d —Fc” ~ —Itt (1—&)m

(13) ((U*S*Tskr? — Tk — It;—*(l - (x)(% - 2a)> T.
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In this limit, CRF"®t depends linearly om. Furthermore, T :
we can easily derive the condition for CEfequaling zero, top™ \
which satisfies the equation b "
Tof"" — Taa* = 7871 (L~ e)(; — 20), a7 2 nof
where we have inserted the value¥, y*, o* andé*. For 10;_
the mean tropical conditions discussed in the next section sE
(Tsit=299K, I =435WnT2, ¢ =0.636,a =0.05), Eq. (L7) FLW
yields a critical cloud top temperatuifgy of 265K, corre- 6

sponding to 6.25 km altitude in the tropics.

Cloud top altitude / km

16F®) -
4 Sample application — tropical cirrus A\E= 14F T L] H
2 I SINEERIEIEE
We are now in a position to estimate CRF for any atmo- g 12r B
spheric condition with a cloudiness that can be approximated £ 10 E E
by a single cloud layer. Here, we apply the parameterization 5 r
to the example of tropical cirrus clouds and compare the re- 2 g 1
sults to calculations with the radiative transfer model for typi- ~ L SW ]
cal tropical conditions (see Seg). In accordance to the pro- 6 n

file used for the radiative transfer calculations, we set the sur- . .
face temperaturéss to 299 K, the surface albedo to 0.05, and 16F©
assume the solar radiation as found in daily mean equinox i

conditions at the equator & 435 Wn12 and¢ = 0.636). _\E 14 E

Figure 4 shows estimated CRF (contour lines) for cirrus Q:; 1k
clouds under tropical conditions based on Egsafnd (L3). s I
Cloud top temperatures are translated to cloud top altitudes & 10F
according on the mean tropical temperature profile. Forcom-2g ¢
parison, the color shadings indicate differences to CRF cal-G  8[

culated with the radiative transfer model.
Panel a shows estimated CRF using Eq. §). The differ- C .

ences for clouds above 10 km altitude remain below a com- 0.01 0.1 1 10

bined absolute and relative error of 5 W fand 6 %, respec- Cloud optical depth 7 / -

tively. In the light of the simplicity of our parametrization,

the agreement between the estimated and calculated forcing

is quite good. Fig. 4. Contours: Estimated daily mean cloud radiative forcing
Analogously, CREY is shown in Fig.4b. Because we (CRF)in W12 as functions of cloud top altitude and cloud optical

have no dependency on the vertical position of the cloud indepth for tropical conditions. Shadings: Differences to calculated

our parametrization, the estimated CSP?Pdepends on the CRF forthe sagne copditiong using the raQiat.ive transfer model in

cloud optical depth only. The color shadings represent differ-StePs of 2Wm*<. Positive differences are indicated by red shad-

ences to CRE" calculated with the radiative transfer model 9%

using the same atmospheric profiles. The absolute differ-

ences remain below 5WT4 for clouds above 10km alti-

tude. The overall agreement between estimated and calcu- The largest absolute differences to the radiative transfer

lated values is very good. calculations are at high altitude and optical depths of about
Adding CRF-W to CRF'Y, we arrive at the net cloud ra- 10, right where the transition from cooling to heating occurs.
diative forcing (CRE®Y), which is shown in Figdc. Forsmall  In this area, CRP! is also sensitive to changes in optical

optical depths, CRFis negative below about 6 km and pos- depth. The difference to the radiative transfer calculations is

itive above. This altitude is in agreement with Efj7)(see  equivalent to an overestimation of the could optical depth by

previous section). For denser clouds, the transition from negi0 %.

ative to positive CRP®! occurs at a higher altitude. The over-  cirrus clouds typically have cloud top temperatures below

all agreement between estimated and calculated"€R¥ 238K (Sassen2002, which corresponds to altitudes above

again quite good. 10km in the mean tropical atmosphere. Moreo&assen
(2002 defines cirrus clouds as ice clouds with optical depth

Atmos. Chem. Phys., 9, 5753458 2009 www.atmos-chem-phys.net/9/5751/2009/
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The parameterization was derived from a set of radiative

C ' T
161 S transfer calculations covering a global range of realistic at-

E 143_ mospheric conditions and cloud properties, and thus has a

N wide range of applicability.

E b The accuracy of our semi-quantitative parameterization is

E . typically better than 20% when comparing with the accurate

g 10 results from thé~u and Liou(1992 1993 radiative transfer

ES [ model. Possible applications include the convenient estimate

o 8 et of CRF for a global range of environmental conditions, the
ok evaluation of the sensitivity to changes in environmental con-

[ s s ditions, and as a tool in education. To support the use of our

0.01 0.1 1 10 parameterization, we offer an online version of the model at

Cloud optical depth 7 / - http://www.iac.ethz.ch/url/crf
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