Point-by-point response to the reviews

Anonymous Referee #1

In this paper, which appears to be a follow-on from Guzman et al., 2017, the authors develop a simple approximation
that allows them to estimate outgoing longwave radiation (OLR) using three parameters that are readily obtained
from space-based lidar measurements: cloud top, cloud base (or, for opaque layers, apparent base) and cloud
optical depths. Cloud altitudes are converted to temperatures using model data. The optical depths are used to
compute emissivities. Since the current generation of space-based lidars cannot measure the optical depth of
opaque layers, the emissivities for these clouds are assumed to be 1. For opaque clouds, OLR is approximated as
a simple linear function of mid-layer temperature. The approximation for transparent clouds also uses mid-layer
temperature, but is not as straightforward, as it also requires estimates of cloud emissivity and the OLR in clear sky
conditions. Collocated CERES measurements are used to characterize the accuracy of both approximations.

The material presented in this paper is appropriate for AMT, and, after a few modifications are made, | believe the
manuscript should eventually be published. The English language usage is, at times, somewhat (and occasionally
very) awkward; however, the paper is well-organized, the figures are well-done and informative, the authors’
derivation of their technique was clear and the steps taken to verify its performance were appropriate and
straightforward. While the most interesting (and potentially useful) part of the manuscript was section 6, where the
authors describe the limitations of their method, there are still a couple of issues that | believe deserve further
investigation.

1. I had hoped to find a clear and convincing explanation for the rotation of the thin cloud data from the one-to-one
line that is so evident in Figure 6b.

= Response:
— The rotation of the thin cloud data from the one-to-one line does not affect the results of this study.

Indeed, we did a sensitivity study to CREE%%'D) (Sect. 6.3): instead of computing the lidar-derived
CREEL%’D) using the relationship used in Fig. 6b, we consider CRES ., as the residual between
CERES-derived total CREps " and lidar-derived CREgqus: CRER, = CREpo "> —
CREE?DELL;SE). This leads to Opaque clouds contributing to 74 % to the total CRE instead of 73 % in

global mean. It is then not sensitive.
—  The rotation of the thin cloud data from the one-to-one line is the consequence of multiple effects. We
examine hereafter the points raised by the reviewer. Thank you.

In particular,

(a) I'd like to know if this rotation is diminished in the “single-cloud-layer situations (not shown)”, for which R
increases from 0.89 to 0.92 (I suggest including the “not shown” plots in a future revision);

= Response: This rotation is not diminished in the “single-cloud-layer situations” (Fig. A4d).
= Change made:
» In Sect. 6: Sect. 6.2 Multi-layer cloud and broken cloud situations has been added.
» In Appendix: Fig. A4 has been added. It shows the decomposition of Fig. 6 in “single-layer cloud” and
“multi-layer cloud” situations. The main text refers to Fig. A4 in Sect. 6.2.

(b) I'm intrigued by the differences in the sampling distributions for the opaque clouds vs. the thin clouds. For
opaque layers, there is a noticeable skew in the distribution caused by (per line 518) “occurrences far from
and over the identity line in Fig. 6a”. But for the thin clouds in Fig. 6b the sampling distribution appears to
be normally distributed about a single straight line). Do the authors have any thoughts or speculations about
the root cause(s) for this difference in behavior?

= Response: The new Fig. Ade shows that the noticeable skew in the distribution is due to multi-layer cloud
situations. In these situations, an optically thin cloud overlapping an optically opaque cloud will tend to

significantly underestimate Tll) as we do not consider the difference of emissivity between the two

paque
clouds. For thin clouds, in presence of multi-layer cloud situations (Fig. A4f), TT'hl.n can be overestimated
or underestimated depending on which cloud is optically thicker. The contrast between their emissivity is
generally smaller than for an opaque multi-layer cloud situation. This is the reason why there is no
noticeable skew in the distribution for the thin clouds.



2. How sensitive is the thin cloud OLR to emissivity errors introduced by aerosol contamination of “clear air” beneath
the clouds detected by GOCCP?

= Response: The computation of the Thin cloud emissivity ‘Slrmn used all the clear sky layers (without
aerosol) located below the lowest cloud layer, in order to determine the optical thickness of the cloud
layers. If, for example, an aerosol layer is present just below the cloud, E’ll"hin would be derived from the
sum of the cloud layer optical thickness and the aerosol layer optical thickness. As this study is only over
ocean, errors introduced by aerosol are essentially found during boreal summer over a limited area: the
dust plume (Peyridieu et al., 2010 DOI:10.5194/acp-10-1953-2010). Moreover, with regards to this study,
we are interested in CRE, which, over ocean, are far larger than aerosol direct radiative effect.

Minor issues:

Line 17 : how much does the “atmosphere opacity altitude” depend on the (a) capabilities of the lidar used to
measure the cloud, (b) the ambient lighting conditions, and (c) the algorithms used to retrieve apparent cloud base?

= Response: The “atmosphere opacity altitude” Z,,,,,,.¢

(a) The accuracy of Z(')paque depends on the vertical resolution of the lidar, the telescope field of view,

and the capabilities receiver sensor (noise). These uncertainty sources likely give error smaller than

one 480 m bin.

(b) Z(')paque retrieval is difficult during daytime because daytime conditions are much noisier than the
nighttime conditions in CALIOP data. This is the reason why we only use nighttime data in this study.

(c) Z(')paque depends on the algorithm used to retrieve apparent cloud base. It depends on the horizontal
and vertical averaging choice (Chepfer et al., 2013; Cesana et al., 2016).
- Chepfer et al. (2013) — DOI:10.1175/JTECH-D-12-00057.1
- Cesana et al. (2016) — DOI:10.1002/2015JD024334
= Change made:
> InSect. 2.1 (1* §): “Z(',paque depends on the horizontal and vertical averaging used in the retrieval
algorithm. It is also affected by sunlight noise during daytime. At 480 m vertical resolution, it poorly
depends on the lidar characteristics.” has been added.

indeed depends on these three aspect.

Lines 126—-175 : nothing in this description makes it clear that columns containing multiple layers are actually
included in the analyses. The fact that all columns are partitioned into one of the three categories (i.e., clear, thin
cloud, and opaque cloud) should be made clear from the very beginning, and not postponed until lines 176—-179.

= Change made:
> In Sect. 2.1 (1*' §): “The GCM-Oriented CALIPSO Cloud Product (GOCCP)-OPAQ (GOCCP v3.0;
Guzman et al., 2017) segregates each atmospheric single column sounded by the CALIOP lidar as
one of the 3 following single column types” has been replaced by “The GCM-Oriented CALIPSO Cloud
Product (GOCCP)-OPAQ (GOCCP v3.0; Guzman et al., 2017) has 40 vertical levels with 480 m
vertical resolution. Every CALIOP single shot profile — including multi-layer profiles — is classified
into one of three types”.

Line 171 : in the vast majority of CALIPSO literature (including Garnier et al., 2015, which is cited here), the symbol
for optical depth is T. d is used for depolarization ratios.

= Response: We agree with the reviewer.
= Change made:
» Throughout the paper: “6” has been replaced by “z”.

Lines 378—383 : here and elsewhere, | find the authors’ notation to be very complex and cumbersome, which makes
the text difficult to read and hard to understand.

= Response: We agree with the reviewer that our notation can be sometimes cumbersome. However, we
choose this very explicit notation in order to avoid misleading interpretation as, throughout the paper,
calculations are made at different spatial resolution (lidar single shot, CERES footprint, and gridded).

Lines 530-531 : to my eye, the midlatitude emissivities are not “mostly centered around 0.25”

= Response: We agree with the reviewer that this statement is not very accurate and has been removed.
= Change made:



» In Sect. 6.3 (3rd §): “Given that fle'n is mostly centered around 0.25 (Fig. 4d) it should not bring a
substantial error, and” has been replaced by “However,”.

Line 554 : according to my (admittedly limited) understanding of the way the GOCCP cloud detection scheme works,
a more realistic assessment would have been obtained by using on bin lower rather than one bin higher.

= Response: We choose to take one bin higher for the sensitivity test on Z(')paque in order to be able to apply

this in the same way for every opaque cloud profile. Indeed, a non-negligible amount of opaque cloud

profiles have their Zl,paque at the lowest GOCCP level (240 m above sea level), and taking the equivalent
of a bin lower would have given negative opacity altitudes (—240 m). This problem is avoided taking one
bin higher instead and the sensitivity test should not be sensitive to this choice since the relation between
OLR‘Opaqueand T(')paque is linear.

= Change made:

» In Sect. 6.5 (first §): “(as moving z! one bin down would have led to negative values for some

Opaque
Z,')paque)” has been added.
Lines 641-642 : the suggestion that “the laser beam is not able go through the entire cloud if its vertical geometrical
thickness is greater than 5 km” is demonstrably false. For example, see
https://www-calipso.larc.nasa.gov/products/lidar/browse_images/show_detail.php?s=production&v=V4-
10&browse_date=2010-01-01&orbit_time=12-47-14&page=3&granule_name=CAL_LID_L1-Standard-V4-
10.2010-01-01T12-47-14ZN.hdf
The region between ~1.6° S and ~5.4° S contains numerous examples of transparent cirrus that are more than 6
km thick.

= Response: We agree with the reviewer.
= Change made:
> In Appendix B (2™ §): “[...] the laser beam is not able go through the entire cloud if its vertical
geometrical thickness is greater than 5 km [...]” has been removed.




Point-by-point response to the reviews

Anonymous Referee #2

In this paper the authors devise a technique for relating — with a fairly high amount of accuracy — outgoing long
wave radiation (OLR) at the top of the atmosphere (TOA) to several quantities that can be acquired from space-
borne lidar (i.e., CALIOP on board Calipso). These quantities are the the radiative temperature and spatial coverage
of opaque clouds and the radiative temperature, spatial coverage, and LW emissivity of thin clouds. Opaque clouds
are defined as those for which the lidar beam becomes fully attenuated within the cloud, and typically have LW
optical depths exceeding 1.5-2.5. Thin clouds, with LW optical depths less than this threshold, are semi-transparent
and do not fully attenuate the lidar beam. The authors derive a simple semi-empirical relationship in which OLR
increases by 2 W/m2 for every 1 K increase in opaque cloud radiating temperature. For thin clouds, this 2:1
relationship is scaled by the cloud LW emissivity. OLR inferred from the lidar-derived quantities compares well with
that measured directly by CERES, at a variety of spatial scales.

| found the technique described in the paper to be a clever use of the unique measurements provided by active
sensors in space. Despite the presence of errors (notably for thin clouds), the OLR can be largely reproduced from
5 basic measurements, which makes it a powerful tool for relating cloud property changes to OLR. | recommend
publication pending revisions based on the my concerns that are detailed below.

Major Comments:

1) My main concern with this work is that the authors may be slightly overstating the value of such an analysis,
especially in regard to how it is contrasted with passive sensors. Passive sensors are rightfully criticized for often
giving incorrect information about cloud vertical distribution, which active sensors retrieve with much higher
accuracy. However, passive sensors are (essentially) directly retrieving the quantity that the authors need to derive
here: the emission temperature of clouds. Passive retrievals may not place the cloud top at the correct physical
altitude like a lidar does, but they do place it at the effective radiating temperature, which is what matters for the
OLR and any TOA LW anomalies. This is basically what makes studies that relate TOA radiation to passive-derived
cloud fraction histograms like Hartmann et al. (1992), Zelinka et al DOI: 10.1175/JCLI-D-11-00248.1 (2012) and
Yue et al DOI: 10.1175/JCLI-D-15-0257.1, (2016) possible. The authors are sort of reverse- engineering this
problem: They have highly accurate measurements of backscatter by cloud particles as a function of altitude, which
they then use in a clever way to derive the effective radiating temperature, which is what you would already have if
you started with passive measurements. It is not obvious to me that this is superior. | think the paper requires a
clear discussion of why one would prefer this technique over one relying directly on passive measurements, and/or
a discussion of how they both could complement each other. Simply asserting that active sensors retrieve the
vertical profile of condensate more accurately is not compelling in this particular context.

= Response: We agree with the reviewer that a clear discussion of why one would prefer this technique
over one relying on passive measurements is required. Thank you for your comment.
= Change made:
> In Sect. 3.1 (last §): “These cloud radiative temperatures are fundamental to study the LW CRE and
are different from the effective radiating temperatures measured by passive instruments which are
influenced by radiation coming from below the cloud. In the case of Opaque cloud which completely
absorbs upward LW radiative flux propagating from below, the effective radiating temperature
measured by passive instruments should agree with the cloud radiative temperature. However, this
assumes to know that the cloud is Opaque, but cloud emissivity from passive measurements is also
sensitive to hypothesis made on the clear sky and surface property. Unlike passive measurements,
lidar measurements robustly separate Opaque clouds and Thin clouds from the presence or not of a
surface echo (Guzman et al., 2017).” has been added.

One advantage | can think of relative to existing kernel techniques is that it does indeed seem desirable to have a
small set of measurements that one can get both from observations (Calipso) and models (albeit, those running the
Calipso simulator) that can give a highly accurate proxy for OLR, in keeping with the analogy to APRP in the SW.
This is in contrast to relying on 7x7 histogram of cloud types from ISCCP and a kernel to match.

= Response: Thank you for this comment.
= Change made:
> In Introduction (8" §): “We propose to build on these studies by adding the space-borne lidar
information.” has been replaced by “We propose to build on these studies by adding spaceborne lidar
information to obtain a simplified radiative transfer model in the LW domain that can give a highly




accurate proxy for OLR with a small set of parameters available from both observations (space-lidar)
and models (space-lidar simulator). This approach is in contrast to reliance on 7x7 histograms
(altitude xoptical depth) of cloud types from ISCCP and use of a matching radiative kernel.".

Perhaps another advantage has to do with the more practical issue of observing cloud changes over a long period
of time. Few people trust ISCCP trends because of various issues that arise with splicing many individual satellites
together that are poorly inter-calibrated and have non-climate related trends from satellite orbit changes, view angle
changes, etc. (Norris and Evan DOI: 10.1175/JTECH-D-14-00058.1 2015). Presumably some of these issues are
less relevant for lidars? If so, it would be important to distinguish these sorts of problems from those arising from
the retrieval philosophy (e.g., if ISCCP was a perfect system without any artifacts, would the active approach still
be superior?)

= Response: Thank you for this comment.
= Change made:
> In Introduction (8m §): “Moreover, a highly stable long-time observational record is essential to study
clouds and climate feedback (Wielicki et al., 2013), and current passive instruments have shown
limited calibration stability over decadal time scales (e.g. Evan et al., 2007; Norris and Evan, 2015;
Shea et al., 2017).” has been added.

2) On lines 362-365, the authors state “Monitoring T_Opaque on longterm should provide important information
which should help to better understand the LW cloud feedback mechanism. Moreover, because the relationship is
linear, it simplifies the derivatives in mathematical expressions of feedback and will allow to construct a useful
framework to study LW cloud feedback in simulations of climate models.” Feedbacks are conventionally defined as
the change in a given quantity holding all else fixed. In the case of altitude feedback, this would be the change in
cloud altitude only, with everything including the temperature profile fixed. Mathematically, this is equivalent to
comparing a control OLR with a hypothetical one computed with the cloud at a higher altitude and therefore at a
lower emission temperature. Of course we know that in reality the cloud top temperature is expected to stay nearly
constant with surface warming as the cloud top altitude rises with the isotherms (i.e., FAT hypothesis of Hartmann
and Larson 2002). Changes in T_Opaque will depend on both the change in cloud altitude and the change in
temperature profile, and constant T_Opaque may mean perfectly complementary changes in both the altitude and
the temperature profile, as one expects from FAT. If one uses your relationship between OLR and T_Opaque in
computing feedbacks, then the mathematical formulation of the feedbacks will need to be changed to accommodate
this. Specifically, | think one would need to compare the fixed T_Opqgaue (FAT) case against a hypothetical baseline
situation in which all things change except for the Z_Opaque, such that T_Opaque warms as much as a fixed
altitude. While this is do-able, | disagree with the statement above that this simplifies the mathematics of feedbacks.

= Response: We agree with the reviewer that it does not simplify the mathematics of feedbacks as the
equation is currently as a function of Tpp,qq4.- We will adapt this equation for a future study using climate

model outputs with lidar simulator so that the equation will be as a function of the altitude of Ty, qque
(ZTquuE) considering a linear atmospheric temperature lapse rate. In that way, a change in Z»,vopaque,
holding all else fixed, changes CRE,qque bY @ quantity which, divided by the global mean raise in surface
temperature, is directly the cloud altitude feedback. This will so simplify the mathematics of feedbacks.

= Change made:
> In Sect. 4.2 (2" §): “Moreover, because the relationship is linear, it simplifies the derivatives in
mathematical expressions of feedback and will allow to construct a useful framework to study LW
cloud feedback in simulations of climate models.” has been removed.

3) The English is very poor throughout the manuscript. There were far too many errors for me to list all of them
(grammar, spelling, awkward phrasings, words that are plural that should not be, incorrect comma usage, etc.). In
some places the writing was poor enough that the meaning of the sentence was unclear. This paper should be
copyedited by a native English speaker before the reviewers see it again. In contrast, the figures were very clear,
well-designed, and well-executed.

= Response: A native English speaker copy-edited the paper.

Minor Comments: In addition to the numerous English errors, | note the following:
Title: | would suggest deleting “the” before Outgoing and also rephrasing to “. . .where a space borne-lidar. . .”

= Change made:



Throughout: “

Title: "Link between the Outgoing Longwave Radiation and the altitude where the space-borne lidar
beam is fully attenuated" has been replaced by "The link between Outgoing Longwave Radiation and
the altitude where a spaceborne lidar beam is fully attenuated ".

cloud altitude longwave” seems awkward. Please rephrase to “longwave cloud altitude”

= Change made:

>

Throughout the paper: “cloud altitude longwave” has been replaced by “longwave cloud altitude”.

Abstract: This ends very abruptly. It needs a better closing sentence.

= Change made:

>

In Abstract: “The link between outgoing longwave radiation and the altitude where a spaceborne
lidar beam is fully attenuated provides a simple formulation of the cloud radiative effect in the
longwave domain and so helps to understand the longwave cloud altitude feedback mechanism.”
has been put as closing sentence.

Lines 29-34: An uninformed reader of this paragraph will assume that the only reason there is uncertainty in how
clouds will respond to warming is because models simulate biased clouds in the mean state. Surely this is not the
only reason for low confidence in cloud feedbacks. There are a variety of recent review articles out on cloud
feedbacks that may be helpful on this point.

= Response: We agree with the reviewer. Thank you for this comment.
= Change made:

In Introduction (1 §): “One reason for this uncertainty is that [...]” has been added.

Lines 52-54: This statement needs to be rephrased. Emergent constraints are not feedback mechanisms.

= Response: We agree with the reviewer.

= Cha

>

nge made:

In Introduction (3rd §): “Such records do not exist yet. Klein and Hall (2015) suggested that some cloud
feedback mechanisms, namely the “emergent constraints”, could be tested with shorter records in
comparing the simulated and the observed current climate interannual variabilities” has been replaced
by “Such records do not exist yet, but existing records might help our understanding (Klein and Hall,
2015).”.

Lines 64-65: | disagree that there is no link between observed cloud variables and LW CRE. See, for example, the
section on LW cloud altitude feedback in Ceppi et al doi: 10.1002/wcc.465 (2017), which points out that high cloud
amount and emissivity, along with the temperature structure of the upper troposphere, govern the strength of this

feedback. All

of these are observable.

= Response: We wanted to focus on the fact that, so far, there was no simple mathematical expression to
directly link, at different scales, cloud properties to OLR.
= Change made:

>

In Introduction (4th §): “Nevertheless, the cloud altitude LW feedback mechanism and its amplitude
still struggle to be verified in observations. There is still no observational confirmation for the altitude
LW cloud feedback mechanism because 1) there is no simple direct and robust formulation linking
the observed fundamental cloud variables and the LW CRE at the TOA [...]” has been replaced by
“Nevertheless, the LW cloud altitude feedback mechanism and its magnitude still remain to be
confidently verified with observations, because 1) there is no simple, robust, and comprehensive
mathematical formulation linking the observed fundamental cloud variables and the LW CRE at the
TOAI...]"

Lines 85-87: Cloud fraction histograms from passive sensors generally report cloud fraction on 7 cloud top pressure
bins; the high, mid, and low aggregating is usually done later to simplify.

= Response: We agree with the reviewer.

= Cha

nge made:

In Introduction (7th §): “[...] and only retrieve the cloud top pressure and estimates of high-level, mid-
level, and low-level cloud covers. These last estimates have been coupled with ranges of cloud optical
depth to define different cloud types (Hartmann et al., 1992) associated to different values of CRE.”
has been replaced by “[...] and instead retrieve single-layer effective cloud heights, often summarized
as cloud fraction in seven cloud top pressure bins. Hartmann et al. (1992) used these pressure bins



coupled with ranges of cloud optical depth to define different cloud types associated to different values
of CRE.”.

Lines 88-89: Suggest also citing Zhou et al DOI: 10.1175/JCLI-D-12-00547.1 (2013) and Yue et al
10.1002/2016JD025174 (2017), who have done this globally

= Response: Thank you for this suggestion.
= Change made:
» In Introduction (7m §): “Zhou et al., 2013” and “Yue et al., 2017” have been added.

Lines 90-91: These studies should be more clearly distinguished from the ones preceding it in the sentence: they
have focused on trends, not interannual variability.

= Response: We agree with the reviewer.
= Change made:
> In Introduction (7m §): “[...], as well as the International Satellite Cloud Climatology Project (ISCCP)

and the Pathfinder Atmospheres Extended (PATMOS-x) (Marvel et al., 2015; Norris et al., 2016) in
order to identify LW CRE changes associated to cloud properties changes.” has been replaced by
“[...]. Recently, Marvel et al. (2015) and Norris et al. (2016) analyzed data from the International
Satellite Cloud Climatology Project (ISCCP) and the Pathfinder Atmospheres Extended (PATMOS-x)
datasets in terms of these cloud types to search for trends in LW CRE which would be associated
with changes in cloud properties.”.

Line 97: Mace et al (2011) DOI: 10.1175/2010JCLI3517.1 should be cited here

= Response: We agree with the reviewer.
= Change made:
>  In Introduction (8" §): “Mace et al., 2011” has been added.

Lines 168-170: | can’t understand this. Please rephrase.

= Change made:

> InSect. 2.1 (3" §): “Thin cloud emissivity s'mn of a Thin cloud single column is inferred from the mean
attenuated scattering ratio of levels flagged as "Clear" below the cloud, that we note (SR'),e10 @nd
which approximately corresponds to the apparent two-way transmittance through the cloud. Indeed,
considering a fixed multiple scattering factor n = 0.6, we retrieve the Thin cloud visible optical depth
8743, (Garnier et al., 2015).” has been replaced by “Thin cloud emissivity g’lrhin of a Thin cloud single
column is inferred from the attenuated scattering ratio of clear sky layers measured by the lidar below
the cloud. This is approximately equal to the apparent two-way transmittance through the cloud which,
considering a fixed multiple scattering factor n = 0.6, allows retrieval of the Thin cloud visible optical
depth 7Y (Garnier et al., 2015). As cloud particles are much larger than the wavelengths of visible
and infrared light, and assuming there is no absorption by cloud particles in the visible domain, the
Thin cloud LW optical depth t4Y;, is approximately half of t%, (Garnier et al., 2015).”.

Line 183: should be “sea ice”

= Change made:
» In Sect. 2.1 (last §): “iced sea” has been replaced by “sea ice”.

Line 185: Should be “Flux observations collocated with lidar cloud observations”
= Change made:
> In Sect. 2.2 (title): “Fluxes observations collocated with lidar clouds observations” has been replaced
by “Flux observations collocated with lidar cloud observations”.
Line 216: Should “as” be “that”?
= Response: Yes, indeed. Thank you.
= Change made:

> In Sect. 3 (1*' §): “such as” has been replaced by “such that”.

Figure 4: Is it possible to compare these cloud emission temperatures with those from passive sensors? They
should be in agreement, right?



= Response: Passive sensors do not allow a clear separation of Opaque clouds and Thin clouds as done
with the lidar. Moreover, it does not find the same cloud occurrence. Cloud emissivity retrieval depends
on hypothesis on clear sky and surface properties. Comparison with classical product derived from passive
sensor is not obvious. An equivalent comparison was done by Stubenrauch et al. (2010) with collocated
measurements from CALIOP and the passive sounder AIRS: they compared the height of the cloud
emission temperatures determined by AIRS with the “apparent middle” of the cloud sounded by CALIOP,
which is actually our definition of where the emission temperature of the cloud is. They show very good
agreement.

Line 273: “T_opaque among opaque clouds” is redundant. This sort of statement occurs throughout the document.

= Response: We agree this precision makes the reading difficult.

= Change made:
»  Throughout the paper: “among Opaque clouds” and “among Thin clouds” have been removed from

the main text but left into figure captions and the 1*' § of Sect. 3.2 to avoid misunderstanding.

Line 282: meaning of “mid-effect” is unclear

= Change made:
> InSect.3.2 (2™ §): “These Opaque clouds will have a mid-effect on the local OLR,” has been replaced
by “The local radiative effect of these Opaque clouds is weaker than the effect if they were in tropical
ascending regions.”.

Line 288: “pick” should be “peak”

= Response: Thank you.
= Change made:
> In Sect. 3.2 (3" §): “pick” has been replaced by “peak’.

Line 303: rephrase

= Change made:
» In Sect. 3.2 (last §): “[...] emissivities of Thin clouds are usually small, and clouds with small
emissivities have less impact on the OLR. This, once again, goes in the sense that the role that play
Thin clouds on the total CRE should be significantly smaller than that of Opaque clouds.” has been
replaced by “[...] emissivities of Thin clouds are usually small, so they have little impact on the OLR
and hence their contribution to CRE should be significantly smaller than that of Opaque clouds.”.

Lines 422-423: Rephrase.

= Change made:
> InSect.5.2(1° §): “Interestingly, an inversion of cover predominance and colder temperature between
Opagque and Thin clouds occurs around 30° latitude. ” has been replaced by “There are always more
Opaque clouds than Thin clouds in the extratropics (beyond 30° latitude) and they are colder than the
Thin clouds. It is the opposite in the tropical belt: there are always more Thin clouds than Opaque
clouds, and those are slightly warmer.”.

Figure 8: Is the shading 2-sigma? Max to min?

= Change made:

» In figure caption of Fig. 8: “(max to min)” has been added.

= Additional change:

» Fig. 8 has been redrawn because an error in our script was discovered. During computation of annual
means of Topaques Trnin, @Nd erpm ON 2°x2° boxes (before averaging zonally), means were not
weighted by monthly mean cover, on 2°x2° boxes, of opaque and thin clouds. It is now fixed. Changes
are quite small and do not affect the conclusions.

Line 433: “under the tropics” — rephrase

= Change made:
> InSect. 5.2 (2”d §): “under the tropics” has been replaced by “in the tropics”.

Line 453: | don’t know what this statement means.



= Response:.

= Cha

' d

nge made:

Ir?Sect. 5.2 (last §): “Also, since the expression used for Thin clouds seems to give coherent results
for CREE”%ID), it could also be used in a future work to quantify the role of a change in C,,,, T,
and e%ﬂhin in the variations of CREE%I%ID).” has been replaced by “However, since the OLR expression
above Thin clouds is almost as good as for the Opaque clouds, it could also be used in a future work

to quantify the impact of changes in C&, , T2 and ¢ on the variations of CRES '») .

Lines 488-493: The authors seem to be implying that omega is the only variable on which the cloud properties and

CRE depend
change. This

, and that therefore knowing how omega change will tell one how cloud properties and CRE will
is incorrect, as has been discussed many times over, most notably by Bony et al DOI 10.1007/s00382-

003- 0369-6 (2004) where this type of analysis originally appeared. While omega changes may strongly determine
regional change§ in cloud properties, when averaged over the entire tropics, it is the thermodynamic sensitivity of
cloud propertiesAa within omega bins that emerges as the dominant driver of cloud changes.

* Res
= Cha

>

ponse: We agree with the reviewer.

nge made:

In Sect. 5.3 (last §): “Because cloud properties seem to be invariants for dynamical regimes, a change
in the tropics of the large-scale circulation should provide a change in the CRE predictable and linked
to the spatial distribution (both covers and altitudes) of Opaque clouds and Thin clouds sounded by
CALIOP. For example, under global warming, climate models suggest a narrowing of the ascending
branch of the Hadley cell (e.g. Su et al., 2014), which means less convective regions and more
subsiding regions and which should result in a decrease of the CRE predictable knowing the changes
of wsgo all over the tropics.” has been replaced by “Because cloud properties seem to be invariants
for dynamical regimes between 20 hPa-day™ and -100 hPa-day™, a change in the tropics of the large-
scale circulation should lead to a predictable change in the CRE in regions that stay in this range of
dynamical regimes, linked to the spatial distribution (both covers and altitudes) of Opaque clouds and
Thin clouds sounded by CALIOP. For example, general circulation models suggest that a warmer
climate will see a narrowing of the ascending branch of the Hadley cell (e.g. Su et al., 2014), which
means less convective regions and more subsiding regions. This should result in a predictable
decrease of the CRE, knowing the changes of ws, for some part of the tropics.”.

Section 6.1: It is unclear whether this is actually an error source. The authors raise the issue then immediately

downplay it.
assumptions

- Res

Is it a source of error? Have you actually performed a sensitivity study to determine with these
matter?

ponse: It is a source of error. The worst case for this is the multi-layer scenario when an optically thin

cloud overlap an optically opaque cloud. This is now discussed in the new subsection 6.2. We could
certainly have slightly more precise results using a centroid temperature for every case but it will add

com

plexity to our expressions. However, the aim of our study is to find a simple expression of the CRE by

determining its main cloud variable driver, not to reach the maximum of accuracy in CRE estimation.

= Cha

Section 6.4: t

nge made:

In Sect. 6: Sect. 6.2 Multi-layer cloud and broken cloud situations has been added.

In Appendix:

o Fig. A4 has been added. It shows the decomposition of Fig. 6 in “single-layer cloud” and “multi-
layer cloud” situations. The main text refers to Fig. A4 in Sect. 6.2.

o  Fig. A5 has been added. It shows improvement on OLR 44y When considering multi-layer cloud
in the computation of Ty, qque. The main text refers to Fig. A5 in Sect. 6.2.

he impacts of these assumptions are being assessed on the global mean OLR, but | wonder whether

they also influence the slope of OLR on T_Opaque.

= Res

ponse: As Zg,qque iS increased in every profile with the same amount (+480 m), and because

atmospheric temperature profile is linearly dependent on the altitude, the slope of OLRpaque ON Topaque iS

not i

nfluenced.



Point-by-point response to the reviews

Anonymous Referee #3
General

The authors present a methodology to estimate the outgoing longwave radiation (OLR) at the global scale from
cloud products derived with the help of long-term space-borne measurements with the lidar CALIOP onboard
CALIPSO. The major information comes from the opacity altitude of the atmosphere, i.e. the altitude at which the
laser beam is fully attenuated due to clouds, and the geometrical cloud top height, which together allow the
estimation of the radiative temperature of the cloud. It is shown that the latter one is linearly related to the OLR.
Non-opaque (thin) clouds are treated in terms of top and base heights together with their emissivity, which is
estimated from the lidar attenuated scattering ratio below the cloud under consideration of a constant multiple-
scattering factor. For opaque clouds, a very good correlation between the derived OLR and the one measured by
CERES is found, whereas a systematic deviation is seen for thin clouds. Despite some possible explanations the
reason for the deviation in the case of thin clouds does not finally become clear.

In general, the paper presents an interesting approach to study longwave radiation effects of clouds at the global
scale. The paper deserves publication, but has the potential to be improved both in terms of scientific contents as
well as style of presentation. | recommend publication after consideration of the comments below.

Major

My major concerns are related to the rather simplified approach of using only two cloud scenarios, namely single-
layer thin and opaque clouds. | would at least expect an extended sensitivity study regarding more realistic scenes
in the very beginning. Justifying the approach before the presentation and discussion of results would be much
more satisfying for the reader than the currently provided discussion of limitations in Sec. 6 (where several questions
are tackled which the reader has already in mind when reading the major part of the paper). In particular, the
following cases need to be considered in the evaluation and discussion of obtained results throughout the paper,
starting already in Sec. 2.1 and Fig. 1.

= Response:
— We agree with the reviewer that the proposed cases need to be discussed. We have dedicated a
subsection in Sect. 6 for this. Specifications are given below.
—  We first tried to discuss all these aspects throughout the paper. However, this approach drowns the
main message of the paper in digression. This is why we have decided to summarize them in Sect. 6.
= Change made:
> In Sect. 6: Sect. 6.2 Multi-layer cloud and broken cloud situations has been added.

1) Multi-layer clouds: The discussion related to multi-layer clouds is not sufficient. The authors have added a very
short paragraph in Sec. 2.1 (lines 176-179) during the technical revision of the paper. However, this explanation
deals with thin clouds only. The more common feature is the appearance of thin, high cirrus clouds over mid-level
or low-level opaque clouds. It is well known that retrievals from passive sensors locate the radiative cloud top height
(or radiative temperature) in between the cloud layers in such cases, and that the location will depend on the optical
thickness of the upper “thin” cloud. This fact is obviously not covered by the presented approach, since it considers
only the geometrical properties of cloud top height and opacity altitude for the calculation of the radiative
temperature. Although some discussion is provided in Sec. 6.2, no substantial investigation of the related
consequences for the approach is given.

= Response: Thank you for this comment. An extensive investigation of multi-layer clouds is now given in
Sect. 6.2.
= Change made:
» In Appendix:
o Fig. A4 has been added. It shows the decomposition of Fig. 6 in “single-layer cloud” and “multi-
layer cloud” situations. The main text refers to Fig. A4 in Sect. 6.2 (1% §).
o  Fig. A5 has been added. It shows improvement on OLRpqque When considering multi-layer cloud
in the computation of Ty, qque- The main text refers to Fig. A5 in Sect. 6.2 (1 8).

2) Broken clouds: The authors find a high amount of “thin clouds” in the lower troposphere at temperatures above
0 °C, i.e. liquid clouds (Fig. 4). Usually, liquid clouds are not penetrated by lidar, even if they are geometrically thin
(thickness of a few hundred meters). Those occasions of “thin clouds” might often be related to broken opaque



clouds partly hit and partly missed by the lidar beam, thus leading to signals from the cloud and from the atmosphere
and surface below the cloud in the same profile, so that the cloud appears to be transparent. The effect may be due
to broken clouds within a single laser footprint, but can also result from averaging of laser shots over cloudy and
clear atmospheric volumes before further retrievals are applied. From the description in Sec. 2.1, it does not become
clear how averaging of lidar profiles is done, what exactly is meant with “each atmospheric single column” (line
127), which basic products (single shot, 1-km averages, 5-km averages) are used, and how the averaging to the
20x2° grid is performed. It should be studied which differences in the results are expected when sub-scale broken
opaque clouds instead of thin clouds appear. It would be interesting to see whether the worse correlation between
calculated and measured OLR found for thin clouds could be explained in this way. In this context, also the
discussion in Sec. 6.2 is insufficient.

= Response: We agree with the reviewer that broken opaque clouds can be classified as thin clouds.
However, in the GOCCP product, we do not average lidar profiles horizontally, so we only use single shot
(90 m diameter footprint), which minimize this misclassification. Moreover, we plotted same as Fig. 6b only
for Thin clouds with Trp,;,, > 0 °C (see Fig. AB): it shows excellent agreement between observed and lidar-
derived OLR, and so does not explain the worse correlation between calculated and measured OLR as
these clouds show excellent agreement.
= Change made:
> In Sect. 2.1 (1* §): “The GCM-Oriented CALIPSO Cloud Product (GOCCP)-OPAQ (GOCCP v3.0;
Guzman et al., 2017) segregates each atmospheric single column sounded by the CALIOP lidar as
one of the 3 following single column types” has been replaced by “The GCM-Oriented CALIPSO Cloud
Product (GOCCP)-OPAQ (GOCCP v3.0; Guzman et al., 2017) has 40 vertical levels with 480 m
vertical resolution. Every CALIOP single shot profile — including multi-layer profiles — is classified
into one of three types”.
» In Appendix:
o  Fig. A6 has been added. It shows Fig. 6b but only with 7.3, > 0 °C. The main text refers to Fig.
A6 in Sect. 6.2 (2™ §).

Minor
Abstract: The abstract doesn’t say anything about the retrievals for thin clouds.

= Change made:
» In Abstract: “Similarly, the longwave cloud radiative effect of optically thin clouds can be derived from
their top and base altitudes and an estimate of their emissivity.” has been added.

Line 185, should be: “Flux observations collocated with lidar cloud observations”

= Change made:
» In Sect. 2.2 (title): “Fluxes observations collocated with lidar clouds observations” has been replaced
by “Flux observations collocated with lidar cloud observations”.

Line 290, regarding the “second mode”: What does “more diffuse” mean? What about altocumulus, altostratus
clouds?

= Response: We agree the reviewer it could also be due to altocumulus or altostratus clouds.
= Change made:
» InSect. 3.2 (3'd §): “The second mode could be due to more diffuse or developing convective clouds.”
has been replaced by “The middle mode, near 5 km, might be due to developing convective clouds
or middle altitude clouds.”.

Line 300, “cloud emissivity of the cloud”: correct to either “cloud emissivity” or “emissivity of the cloud”.
= Response: Thank you.
= Change made:

» In Sect. 3.2 (last §): “cloud emissivity of the cloud” has been replaced by “cloud emissivity”.

Lines 331-332, “in spite of significant differences in the atmospheric temperature and humidity profiles”: What does
“significant” mean? How are these differences considered/validated in the calculations?

= Response: The sentence was indeed not very clear, it has been modified.
= Change made:



> In Sect. 4.1 (2™ §): “Linear regressions done on other regions with different atmospheric conditions

give a similar coefficient. This means that, in spite of the significant differences in the atmospheric
temperature and humidity profiles, OLRtl)paque depends essentially only on Tllypaque.” has been replaced
by “Conducting the same linear regression on very different atmospheric conditions (from tropical to

polar) gives similar coefficients. This means that OLRlopaque depends mainly on Ttl)

»
paque- *

Line 372, “The evaluation . . . is only using observation from January 2008”: This explanation should be given in
the beginning of the discussion of Fig. 6.

= Response:.
= Change made:
> In Sect. 4.2 (2”"| §): “Figure 6 compares lidar-derived and observed OLR during January 2008.” has
been added.
» In Sect. 4.2 (last §): “The evaluation showed in Fig. 6 is only using observation from January 2008.”
has been removed.

Lines 405-415: Explain the units to be applied in the equations.

= Change made:
» InSect. 5.1: “[...] where CREZ YD) and 0LRE, __ are expressed in W-m-2 and T(%aque in K.” and “[...]

Opaque Clear
H (LID) H
where CRE ;. and OLR,,,

(7) and (8).

are expressed in W-m-2 and T2 in K.” have been added after Egs.

Lines 556 and 561, “decreases...from...”, “reduces...from...”: The meaning of the sentences with the word “from” is
unclear.

= Change made:
» In Sect. 6.4: “from” has been replaced by “by”.

There a many language/grammar/punctuation errors, which cannot be listed in detail here. The manuscript needs
careful copy editing.

= Response: A native English speaker copy-edited the paper.
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Abstract. According to climate models” simulations, altitude is the
dominant contributor the positive mean longwave cloud feedback. Nevertheless, the
longwave feedback and its yet
verified observations. An—accurate, stable , and long-term observations of a
cloud vertical distribution and the longwave cloud radiative effect is
needed to achieve a better understanding of the longwave feedback
. This study direct measurement of the
opacity is a good candidate the . Th
altitude is the level at which a space-borne lidar beam is fully attenuated when probing an opaque cloud.
By combining this altitude with direct lidar measurement of the cloud top altitude, we derive the radiative

temperature of opaque clouds linearly drives: (as we show): the outgoing longwave radiation. Fhistnear

—We find that an opaque cloud, a

cloud temperature change of 1 K modifies its cloud radiative effect by 2 W-m™.

We show
that relationships holds true at single atmospheric column scale
, at scale of the Clouds and the Earth's Radiant Energy
System (CERES) , and at monthly mean 2°x2° scale. Opaque clouds cover 35 % of the ice-
free ocean and contribute to 73 % of the global mean cloud radiative effect. Thin clouds cover 36 % and contribute
27 % L eaercaten-ip
_providess a simple formulation of the cloud radiative effect in
the longwave domain fer—epague—~elouds—and so; helps to understand the cloud altitude lengwave-feedback
mechanism.
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1 Introduction

Cloud feedback the main source of uncertainty predictions of the-climate
sensitivity (e.g. Dufresne and Bony, 2008; Vial et al., 2013; Webb et al., 2013; Caldwell et al., 2016).
louds simulated by climate models in the current climate, exhibit large biases compared to observations
(e.g. Zhang et al., 2005; Haynes et al., 2007; Chepfer et al., 2008; Williams and Webb, 2009; Marchand and Ackerman,
2010; Cesana and Chepfer, 2012; Kay et al., 2012; Nam et al., 2012; Cesana and Chepfer, 2013; Klein et al., 2013)
to low confidence in the cloud feedbacks predicted by models.

o understand the-feedback mechanisms, it is useful to identify the fundamental variables driv the
climate radiative response, and then to decompose the overall radiative response as the sum of individual
responses due to changes in each of these variables. This classical feedback analysis has been applied to
outputs from numerical climate system simulations in order to estimate the effects of water vapor, temperature
lapse rate, clouds and surface albedo on the overall climate radiative response (e.g. Cess et al., 1990; Le Treut et al., 1994;

Watterson et al., 1999; Colman, 2003; Bony et al., 2006; Bates, 2007; Soden et al., 2008; Boucher et al., 2013; Sherwood et

al., 2015; Rieger et al., 2016). Focusing only on the cloud feedback mechanisms, Zelinka et al.; (2012a)
to isolate the role of each fundamental cloud variables that contribute to the
radiative response: cloud cover, cloud optical depth or water (liquid ice), and the-cloud
altitude (or cloud temperature). The shortwave (SW) cloud feedback is driven by changes in cloud cover and
cloud optical depth, whereas the longwave (LW) cloud feedback is driven by changes in cloud cover, cloud
optical depth and the-cloud vertical distribution (e.g. Klein and Jakob, 1999; Zelinka et al., 2012b, 2013 ).
erify cloud feedback mechanisms climate
models requires two steps: First, establish a robust link between
observed fundamental cloud variables and cloud radiative effect (CRE) at the top of the atmosphere (TOA):, so that
any change in fundamental cloud variables can be unambiguously a change in the CRE at
the TOA Second, establish an observational record of these fundamental variables that is long enough, stable
enough, and accurate enough to detect cloud changes due to greenhouse gases forcing (Wielicki et al., 2013). Such

records do not exist yet

Th paper focuses on the LW cloud feedback. Current climate models consistently predict that cloud

altitude change is the dominant contributor to the LW cloud feedback (Zelinka et al., 2016) with

previous (e.g. Schneider, 1972; Cess, 1975; Hansen et al., 1984; Wetherald and Manabe, 1988; Cess et
al., 1996; Hartmann and Larson, 2002). models agree on the sign and the physical mechanism of the LW cloud
altitude feedback, they predict different . Coupled Model Intercomparison Project
Phase 5 (CMIP5) suggest that cloud W rise 1p-by 0.7 to
1.7 km in a warmer climate (+4 K) significant
change compared to the currently observed variability could be a more robust
observable signature of climate change than the CRE (Chepfer et al., 2014). Nevertheless, the cloud altitude
feedback mechanism and its still to be verified observations

because 1) there is no simple

robust formulation linking the observed fundamental cloud variables and the LW CRE at
the TOA 2) there no accurate and stable observations of the vertical distribution of clouds over several
decades.
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preliminary step to on LW cloud feedback to
establish a robust link between the LW CRE at the TOA and fundamental cloud properties that
can be accurately observed and simulated in climate models. In the SW, Taylor et al. (2007) defined

such a simplified radiative transfer model by robustly expressing the SW CRE as a function of the cloud cover and the cloud

optical depth. This linear relationship has been used for decomposing SW cloud feedbacks into
contributions cloud cover and optical depth . the SW , the LW
CRE on cloud

vertical distribution
establishing a simple radiative transfer model that robustly expresses the CRE as a
function of a limited number of properties

more challenging in the LW than in the SW

radiative transfer

simulations to accurately compute the LW CRE well-defined atmospher

(e.g. Zhang et al., 2004; L’Ecuyer et al., 2008; Kato et al., 2011; Rose et al., 2013).

a simple linear formulation the LW CRE at the TOA a limited
number of cloud variables would be useful for cloud feedback
s cannot the detail cloud vertical distribution

specific cloud levels that drives the

LW CRE at the TOA specific cloud levels be accurately at
global scale from satellites.

Most of the cloud climatologies derived from space observations rely on passive satellites, which do not retrieve the

cloud vertical distribution, and

coupled with ranges
of cloud optical depth to define different cloud types associated to different values of CRE. These

cloud types have been used to analyze the interannual cloud record collected by the Moderate Resolution Imaging

Spectroradiometer (MODIS) (c.g. Zelinka and Hartmann, 2011 )
the International Satellite Cloud Climatology Project (ISCCP)
and the Pathfinder Atmospheres Extended (PATMOS-x) in
to LW CRE associated cloud
properties

ecently, Stephens et al. (submitted) used combined passive

and active sensors observations (2B-FLXHR-LIDAR product; Henderson et al., 2013)

to re-build cloud types
Hartmann et al. (1992). Stephens et al (submitted)
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(e.g. Sherwood et al., 2004; Holz et al., 2008;
Michele et al., 2013; Stubenrauch et al., 2013).

can be used to build, for the first

time, a simplified radiative transfer model that robustly expresses the LW CRE as a function of the-cloud cover, optical
depth (or emissivity) and cloud altitude, and that can be tested against observations. n th paper, we
summarize the vertical profile observed by active sensors three specific cloud levels that

drive the LW CRE at the TOA and that can be accurately observed by space-borne lidar: cloud top altitude, cloud

base altitude, and the altitude of opacity fully attenuated
an Opaque cloud. This altitude of opacity the Opaque cloud cover; are both observed
by space-borne lidar, and are strongly correlated to the LW CRE (Guzman et al., 2017) because emissions layers

located below the altitude of opacity have little influence on the outgoing LW radiation (OLR). Previous studies
(Ramanathan, 1977; Wang et al., 2002), suggested that the link between the Opaque cloud temperature and the OLR is

linear, which would be mathematically very convenient for the study of cloud feedbacks (derivatives), but these studies are

limited to radiative transfer simulations only. We propose to build on these studies by adding space-borne lidar
information
In Section 2 we present the data and used in this study. In Section 3 we define radiative
temperatures of Opaque and Thin clouds derived from lidar observations and reanalysis, and
over the mid-latitudes and

the tropics. In Section 4 we use radiative transfer simulations to establish a simple expression of the OLR as a function of
lidar cloud observations for Opaque cloud single columns; and for Thin cloud (non-opaque) single columns
the Clouds and the Earth's Radiant Energy System (CERES)
e verify this relationship at
instantaneous 20 km scale
, monthly 2° latitude x 2° longitude grid . In Section 5 we estimate
the independent contributions of optically Opaque clouds and optically Thin clouds . We then
focus on the Tropics and examine Opaque and Thin cloud CREs partitioncd in subsidence and deep
convectiv . Section 6 discusses the limits of the linear expression we propose, and concluding remarks are

summarized in Section 7.
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2 Data and TeolsMethod
2.1 Opaque and Thin clouds observations by space-borne lidar

Eight years (2008-2015) of CALIPSO observations are used in this study. The GCM-Oriented CALIPSO Cloud
Product (GOCCP)-OPAQ (GOCCP v3.0; Guzman et al., 2017) has 40 vertical levels with 480 m vertical resolution.
segregates-Every eaeh— spherie-sthgle¢ >-CALIOP hdar-single shot profile — including multi-layer

profiles — is classified as

into one of three types (Fig. 1):
o The-Clear sky single column (brown, center) is entirely free of clouds-ta-other—words;: none of the 40 levels of
480-m—verticalreselution—composing the atmospheric single column is-are flagged as "Cloud" (cloud detection

information in Chepfer et al., 2010).
o The-Opaque cloud single column (orange, right) contains a cloud inte which the leserbeam-ofthe lidar ends-is fully

attenuated, at an altitude termed Z, (I)p aque’ Z—M&Hﬂﬁﬂyﬁg ari

"~Full attenuation of the lidarsignal is reached forat a

> of about 3 to 5 integrated from the TOA

visible optical depth;—

(Vaughan et al., 2009). This corresponds to a cloud LW emissivity of 0.8 to 0.9, if we consider that cloud particles
do not absorb visible wavelengths and that ¢iffusien—scattering can be neglected in the LW domain. In GOCCP,

such an opaque single column is identified by one level flagged as "z opaque". Like other variables identified by

I
Opaque

the superscript in the rest of this paper, Z refers to a single column, i.e. a 1D atmospheric column from the

surface to the TOA where each altitude layer is uniformly filled with molecules and/or clouds. Z(‘)paque depends on

the horizontal and vertical averaging used in the retrieval algorithm. It is also affected during daytime by noise from

the solar background. At 480 m vertical resolution, it depends weakly on the characteristics of the lidar.

o The-Thin cloud single column (brown and blue, left), contains &-one or more semi-transparent clouds. In GOCCP,
Ssuch a single column is identified by the-presence-of-at least one level flagged as "Cloud" switheutabut no level
flagged as "z_opaque".
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FIG. 1. Partitioning of the atmosphere into 3 single column types thanks to the CALIOP lidar: (left) Thin cloud single column, when a
cloud is detected in the lidar signal and the laser beam achicve to-wholly co through the eloud untilreaches the surface, (middle) Clear sky

single column, when no cloud is detected, and (right) Opaque cloud single column, when a cloud is detected and the laser beam ends

|
Opaque*

The vVariables highlighted in yellow are the key cloud properties, extracted from the GOCCP-OPAQ product, that drive OLR over Thin
cloud and Opaque cloud single columns. The total gridded OLR will be computed from the 3 single column OLRs weighted by their

becomes fully attenuated into-the cloud-at a level called Z C, T and € respectively-account for cover, temperature and emissivity.

respective cover: Crpin, Cerear» Copaque -

Figure 2 shows the global coverages of these 3 single column types ;—wsineon 2°x2° grids. Fhe-=Global mean
Opaque clouds cover ng,aque is 35 %, Thin clouds cover C;‘im is 36 % and the Clear sky cover CCEE is 29 %. Coaiaque,

lear
H H (as vell-as any Y var
CThin and CClear - -

by the superscript "HH" in the rest of the paper-as

-refer to 2°x2° grid box, like any variable identified

. Opaque clouds cover is very high

at mid-latitudes and, in the tropics, high occurrences clearly reveal regions of deep convection (warm pool, ITCZ) and
stratocumulus regions at the east part of oceans. Thin clouds cover is very homogeneous over all oceans, with some-slight

maxima in some regions, namelynear the warm pool. These results are discussed #-¢etail-in Guzman et al. (2017).
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F1G.2. Maps of (a) Opaque cloud cover (b) Thin cloud
cover and (c) Clear sky cover. Only nighttime over ice-free
oceans for the 2008-2015 period is considered. Global mean
values are given in parentheses.

Our study builds on the work of Guzman et al. (2017) by using considering 7, .

in terms of temperatures rather

than-instead-of altitudes, and by estimating an additional variable, the Thin cloud emissivity:

Temperatures TII , T! andT)

Top Base are respectively those at the altitudes of the level flagged as "z_opaque”
Opaque

Z (l,paque) and of the highest (ZlTop) and lowest (Z l|3ase) levels flagged as "Cloud", using the-temperature profiles of

from the NASA Global Modeling and Assimilation Office (GMAO) reanalysis (Suarez et al., 2005) provided in
CALIOP Level 1 data and also reported in GOCCP v3.0 data.

Thin cloud emissivity slThin of a Thin cloud single column is inferred from the mean-attenuated scattering ratio of

sow—and-clear sky layers measured by the lidar below

the cloud. This is which-approximately eerresponds-cqual to the apparent two-way transmittance through the cloud-
which-tndeed, considering a fixed multiple scattering factor n = 0.6, wwe-allows retriese-retricval of the Thin cloud
visible optical depth &7, (Garnier et al., 2015). ThenaAs the cloud particles are much larger than the
wavelengths of visible and infrared wavelengsthslight, and eensidering-assuming there is no absorption by cloud

particles is ceeursinge in the visible domain, the Thin cloud LW optical depth 675y, is approximately half of &7 3a,

(Garnier et al., 2015). Finally, we retrieve the Thin cloud emissivity with s eh, . = 1 — =" Fhin. Opaque cloud
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missivity cannot be inferred and we
black , Ebpaque = 1.
ingle columns
Trlop and Z ITop refer to the highest level of the highest cloud in the
column and TBI,ase and Z 1|3ase to the lowest level of the lowest cloud in the column. n this case, s'Thm
is computed from the summed optical depth of all cloud layers in the column.

o0 avoid solar noise, results presented in this paper
are only for nighttime conditions. Furthermore, we observations over oceans to avoid
uncertainties due to the ground temperature diurnal cycle over land. n order t6-not to be influenced by major
changes across seasons, we also removed from this study all observations over sea ice,

based on sea ice fraction from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim

reanalysis (Berrisford et al., 2011).

2.2 Fluxes observations collocated with lidar clouds observations

CERES radiometer, on-board the Aqua satellite, measures the OLR at the location where the CALIOP
lidar, on board the CALIPSO satellite, will 2 minutes and 45 seconds . he instantaneous

Single Scanner Footprint (SSF) of the CERES swath crossing the CALIPSO ground-track gives the OLR over atmospheric

single columns sounded by the lidar. CERES footprint has a ~20 km , the
CALIOP lidar samples every 333 m along-track with a 70 m diameter ,

atmospheric single columns within a single CERES footprint. To
collocate the GOCCP-OPAQ instant data and the CERES SSF measurements, we use the CALIPSO, CloudSat, CERES, and
MODIS Merged Product (C3M; Kato et al., 2011) which flags the instantaneous CERES SSF the CERES
swath the CALIPSO ground-track. or each of these flagged CERES SSF , we matched,

from geolocation information, all the GOCCP-OPAQ single columns falling into the CERES footprint. We consider that an
atmospheric column with CERES footprint base is an Opaque (Thin) cloud column if all matched single columns are
declared as Opaque (Thin) cloud single column. We use these Opaque and Thin cloud columns to validate lidar-
derived OLR.
From the C3M product, we also use the estimated Clear sky OLR of the instantanecous CERES SSF the
CERES swath the CALIPSO ground-track. This estimated Clear sky OLR is computed from radiative
transfer simulations using the information of the different instruments flying in the Afternoon Train (A-
Train) satellite constellation. As C3M
April 2011 we also use
the Clear sky OLR from 1°x1° gridded data monthly mean CERES Energy Balanced and Filled (EBAF) Edition 2.8 1°x1°

product (Loeb et al., 2009), that we average over 2°x2° grid boxes.

2.3 Radiative transfer computations

For all radiative transfer computations needed in this study, we use the GAME radiative transfer code
(Dubuisson et al., 2004) combined with mean sea surface temperature (SST) and profiles of temperature,
humidity and ozone extracted from the ERA-Interim reanalysis. GAME calculate

the radiative flux and radiances over the total solar and infrared spectrum. The radiative transfer equation is solved using
DISORT (Stamnes et al., 1988) and gaseous absorption is calculated from the k-distribution method. code accounts

for scattering and absorption as well as interactions with gaseous absorption.



’255 GAME does not take into account cloud 3D effects, and is based on the plane-parallel approximation.
256 In this study, we use GAME to compute integrated OLR between 5 and 100 pm.
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3 Radiative temperatures of Opaque and Thin clouds derived from lidar cloud observations and reanalysis

We define the radiative temperatures

can be derived from lidar measurements. The cloud radiative temperature corresponds to the

equivalent radiative temperature of the cloud Trlad such the upward LW radiative flux emitted by
] Lo | . LW — <l Iyt
cloud emissivity € is Fyp,q(Cloud Top) = € J(de) , where o denotes the Stefan—

Boltzmann constant. We present distributions of these cloud radiative temperatures derived from lidar measurements over

the mid-latitudes and the tropics.

3.1 Definition and approximations of the cloud radiative temperature

Considering an optically uniform cloud with a cloud total LW optical depth émld, and assuming a linear
temperature from the cloud top to the cloud base, the upward LW radiative flux
emitted by the cloud FCTII;?;L(C loud Top) the radiative
4
transfer equation (RTE) (see appendix A). olving the equation FCTZI;‘:;L (Cloud Top) = s'a(Trlad) = (1 -
67wl |4 . . . | . [
e Claud) G(de) , we can infer the value of the equivalent radiative cloud temperature T, ;. Figure 3 shows T,
from RTE (green) as a function of lgmld. As Igmm increases, Trlad
FJ,;}(‘I (Cloud Top) = ¢! a(TimI)L

250 Cloud Top

252 |
E T'md | TZ
o 254 =7 om
5 Opaque 7
g =
]
o
g 256 T‘ _TT‘})1:+TiBus(' ZOIW’M
= Thin — 2

258 ‘

Thin T/fu,w
260 ~Cloud Base clouds /
0.1 1 15 25 10 100

LW|
Cloud

Cloud total LW optical depth ¢
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F1G. 3. Comparison of (green) the cloud radiative temperature Trlad inferred from the RTE (see appendix A) with the lidar-definitions

of (blue) the Thin cloud radiative temperature T, and (red) the Opaque cloud radiative temperature T(; as a function of the cloud

Thin paque’

total LW optical depth Srémlld. Here, on an example with a fixed cloud top temperature TTIOP at 250 K and a fixed cloud base temperature

7! at260 K.

Base

Trlad is obtained by computing the LW flux emitted by the cloud at the top of the cloud FCTILOVKIL (Cloud Top) from the RTE and then

. w| (Y
solving F;,. - (Cloud Top) = €'a(T, ., ) -

Clouds are declared as (oOrange area) defines Opaque clouds, if they present an opacity level altitude Z; ,—This-eceurswhich in
lidar observations for-have STémm greater than a limit situated between 1.5 to 2.5. Below this limit clouds are declared as (blue area) Thin

clouds (blue area). Clouds with O‘T'C“}/Zl

uaq between 1.5 and 2.5 could be (gray area) either Opaque or Thin clouds (gray area)depending on

the limit,

We swill-now—approximate Trlad for Opaque clouds and Thin clouds using straightforward formulations which
couldthat can be derived from lidar cloud observations and reanalysis. 1#-anor the Opaque cloud single-columncase (Fig. 1,
right), the optically werythick cloud prevents—completely absorbs upward LW radiative flux propagating from below-te
propagate—upwards. Thusln this case, atmospheric layers below Z(l,paque have little influence on the-OLRoveran-Opague

eleﬂt#séﬂgk—eelruﬁﬂJrOLR(ljpaque. HereTherefore, w&pfeiws‘bﬂ%OLR!,paque is mainly driven by an Opaque cloud radiative

temperature defined as:
|

TTDp+T||
| _ %o
TOpaque - 2 — . (1)
ta-For athe Thin cloud single—columncase (Fig. 1, left), the cloudy par y chis

translucent so that a part of the upward LW radiative flux eominefromemitted by the surface and cloud-free atmospheric

layers and-surface-underneath the cloud is transmitted through the cloud. leln this case

column, OLR’ll"hin depends on-—one-hand-on the surface temperature;—thesurface and surface emissivity, the temperature

profile—and the-humidity profiles below the cloud, and-en-the-other hand-on-the cloud emissivity g’lrhinl and -the Thin cloud

radiative temperature defined as:
|

|
| _ TTop+TBase
Trpin = - 2 - @)
e e (éré;&l‘d < 1.5, blue area in Fig. 3). and
Tolpaque~ (éifé%llld > 2.5, orange area); agree well with T, rlad (deduced from

11
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LW|

RTE, ¢green) . Clouds with 1.5 < 87(,,,,4 < 2.5 (gray area) can be either Thin or Opaque
clouds depending on the integrated LW optical depth at which Z (lJpaque will occur.
fixed cloud top temperature TTlop 250 K and afixed cloud base
temperature T;ase 260 K. Tolpaque depends on the integrated LW optical depth from cloud top to
I
Opaque
is known to be between 1.5 and 2.5
(black shadow area),
T(l,paque (red shadow area).
Computations with other pairs of T7|‘op and Tgase temperatures (not shown) reveal that the relative vertical position
of Trla 4 does not depend much of the cloud top and base temperatures. In other words, other pairs
of Trlop and T;ase almost the same figure as Fig. 3, only with the y-axis temperature
values changed. This means that the difference between Trlad and TTlhin or between Trlad and Tcljpaque becomes larger as the
difference between TTlop and TLL ase INCreases. , the error made by using Trlm'n
and Tcl)paque Trlad also depends on other cloud properties ,

such as cloud inhomogeneity and cloud microphysics. However, this simple theoretical calculation

that T’Il"hin and Tgpaque as defined above are good approximations of the cloud radiative temperature of the Thin and

Opaque clouds
2K for a Thin cloud

, and 1 K error for an Opaque cloud

32T

Opaque and TlThin retrieved from CALIOP observations during 2008-2015

and T | using
Opaque

For each cloudy single column by CALIOP, we derive Tolpaque from T7|'0p

and T|

Base

Eq. () derive T7|'hin from T

Top using Eq. (2). e computec the probability density

function (PDF) of TCI) and Trlm'n for 3 different regions: tropical

paque

ascend between £30° latitude with monthly mean 500-hPa pressure velocity wsyo < 0 hPa-day”

" tropical subsid between +30° latitude with monthly mean wsgo > 0 hPa-day™ and the mid-

latitudes (North and South) between 65° S and 30° S and between 30° N and 65° N . To compute these

among Opaque clouds, we firstly compute PDF of T|

PDFs, ¢.g. the PDF of T Opaque

paque all single

12
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columns on each 2°x2° grid box for the 2008-2015 period. Then, we compute the area-weighted average
region, weighting each 2°x2° grid box PDF by the ratio of the number of Opaque single columns over the number of all
single columns. We do this in order to take into account the-sampling differences grid

box

Figure 4a shows the distributions of T(Lpaque . In tropical subsid

(green), 71 % of Tgpaque are between 0 °C and 25 °C with a maximum at 15 °C. Because the are

warm , they do not strongly affect the OLR compared to clear- sky conditions. These clouds are the marine

boundary layer clouds the descending branches of the Hadley cells. In tropical ascend

(red), TOI a bimodal distribution with few clouds 0°C (21 %)

paque
and most cloud between 0 °C and -80 °C (79 %). These Opaque clouds have locally a
very strong impact on the OLR since 100 K than the surface

. However, the-tropical ascend represents about 1/5 of the ocean between

65° S and 65° N, making their less striking. In the mid-latitudes (purple),

T!

Opaque arc

20 °C to -60 °C between

10 °C and -30 °C. These Opaque clouds
id-latitudes a large area
(43 % of the ocean surface between 65° S and 65° N) cover is large

(Fig. 2a). So, the global CRE

The radiative temperature T is based on the key new lidar information

Opaque

VA

opaque (Eq- (1)). Figure 4b shows that Z

,ljpaque is low all regions, 1 km altitude

, especially subsid . Zz!

Opaque are

between 2 km and 8 km in the mid-latitudes storm track s. In the-tropical ascend , the PDF
is tri-modal with a around 1 km , a
around 12 km

. The mode

be due to developing convective clouds . Since T} also

Opaque
|

opaque are given in Fig. Ala

depends on Z | distributions of the distance between cloud top and Z

Top>

(appendix B).

T),  colder than -40 °C more frequently than T)

Thin Opaque , suggesting high-

altitude optically thin cirrus from detrainments of anvil clouds generated in adjacent convective regions. In tropical

ascend , the "warm" mode of the bimodal distributions of TTlhin is and warmer

The main mode of T, Warmer cloud

|
than that of T Thin

opaque- in the mid-latitudes , is also warmer than that of T

Opaque*
temperatures, implying smaller CREs, reinforces the importance of the role of the Opaque clouds versus Thin clouds in
the total CRE. Distributions of the distance between top and base are given

in Fig. A1b (appendix B).

13
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computee the distributions of s;hinwmg#hm%leﬂé& (Fig.ure 4d)-s

Because the radiative impact of the-Thin clouds will also depend on the-cloud emissivity-of the-cloud, we also

;. For all regions, the maximum

tesso they

is-occurs leeated-around 0.25-56;: emissivities of Thin clouds are usually small, «
and

have less-little impact on the OLR-
hence their contribution to CRE should be significantly smaller than that of Opaque clouds.

Opaque Thin

| |
(a) TO])aqus' 15 (C) TThin

15
10 { 5 —— Tropics wsy, <0 hPa-day " (1) 10 /\
= Tropics wsy, >0 hPa-day ' (1) &

= Mid-Latitudes (N & S)

PDF (%)

0
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— TOA

|
(b) Z()paqu(t 15 (d) E'Il'hin
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PDF (%)
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0
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FIG. 4. Observed distributions of (a) Ttljp aque @mong Opaque clouds, (b) Z (l)paque among Opaque clouds, (c) T7|“hin among Thin clouds

and (d) gIThin among Thin clouds in three regions: (red) the tropical ascendance [30° S-30° NJ-« g
wspo < 0 hPa-day™), (green) the tropical |30 S-30° N subsidingence regime areas [30° S-30° N| (monthly mean wsgo > 0 hPa-day™)

a5 (monthly mean

and (purple) the mid-latitudes [30°-65°]. These regions represent respectively 22 %, 35 % and 43 % of their total areathe +£65° ocean
surface. Only nighttime over ice-free oceans for the 2008--2015 period is considered.
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4. Outgoing longwave radiation derived from lidar cloud observations

In this section, we express the OLR as a function of cloud properties derived from lidar observations (T(l)paque,

T and sITm-n).

Thins e this relationship observations at an instantaneous 20 km footprint

scale, using high spatial resolution collocated satellite-borne broadband radiometer and lidar data

at 2 monthly mean 2° latitude x 2° longitude gridded scale.

4.1 Linear relationship deduced from radiative transfer simulations over 2 single cloudy column

The goal of this sub-section is to establish a simple and robust relationship between 1) the OLR over an Opaque

l)p aque @nd the radiative temperature TO| and, 2) the OLR over a Thin cloud single column

cloud single column OLR paque )

and the radiative temperature T’[l‘hin lThl-n.

OLR!

Thin and the Thin cloud emissivity €

1) For an Opaque cloud single column, we computed OLR .44y

using direct radiative transfer computations, for

various atmospheres containing an Opaque cloud altitudes and vertical extent

represented by a cloud layer with emissivity equal to 1 at Z, ;...

topped with optically uniform cloud layers with vertically
integrated visible optical depth equal to 3.2, which corresponds to € = 0.8. Fig Sa show the obtained

as function of T/

|
OLR Opaque

Opaque for tropical atmosphere conditions. Linear regression (solid line) leads to:

| (LID)  _ |
OLROpaque - 2'OTOpaque

- 310. 3)

in K. So, when T

where OLR) %P g expressed in W-m™ and TOI opaque

Opaque decreases 1 K (e.g. if the Opaque cloud

paque
rises up) then the OLR decreases by 2 W-m™. This linear relationship, by Ramanathan
(1977), has a slope which is consistent with previous work that found 2.24 W-m?/K (Wang et al. (2002) using the radiative

transfer model of Fu and Liou (1992, 1993) and the analysis of Kiehl (1994)). inear regression

on different atmospheric conditions gives a-similar coefficients. This means

that OLRl)paque depends
on Tolpaque. This remarkable result demonstrates a cloud property driv the OLR can

be derived from spaceborne lidar measurement. Differences

between the computed OLR and the black body emission represent the extinction effect of the

atmospheric layers above the cloud.

2) For a Thin cloud single column, we can consider OLR;hin composed of two parts (Fig. 1). first part,
coming from the LW flux emitted by the cloud, can be expressed in the same way as Eq. (3) using TTlhin instead of
T(I)p aque» and weighted by the Thin cloud emissivity eITm.n. The second part is equal to the OLR over a Clear sky single
column OLRlaear (the same single column without the cloud) multiplied by the cloud transmissivity (1 - elThin):

l@p) _ | [ | |
OLRppiy” = €rpin(2.0Tppi = 310) + (1 = 735 ) OLR (- “)

and OLR!

Clear

where OLR! 4P

. 2 . . . .
Thin are expressed in W-m™ and TTI in K. In order to evaluate this expression and to examine

hin
the dependence of OLRITm.n to Trlm'n and nghin’ we computed OLRlThm, using direct radiative transfer computations, for

various atmospheres containing a Thin cloud (represented by optically uniform cloud layers with integrated emissivities

equal to Elrhin) with different altitudes, vertical extents and emissivities. Fig 5b show the resulting
OLRle.n as a function of TTlhm for 4 different values of elThm, tropical atmosphere conditions. We compare these
results with the linear expression of Eq.(4) (solid lines), in which OLRlczear is comput for a single

column without cloud. The theoretical formulation agrees quite well with the different simulations.

15
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his formulation seems to overestimate OLRIThin (up to +10 W-m?) many cases. Reasons for it are

discussed in Section 6.

(a) Opaque cloud (b) Thin cloud
300 300

C()[zru/lu =

Black Body o (T(‘)p(,qur) 1
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| ™
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FIG. 5. Relationship between the OLR and the cloud radiative temperature from radiative transfer computations: (a) over an Opaque
cloud single column and (b) over a Thin cloud single column. Direct radiative transfer computations are shown in dots. Solid lines
represent the linear relationships inferred from a regression on dots in the Opaque case and applied to the Thin clouds case according to
Eq. (4). For a fixed value of cloud emissivity (dots colors; 1 [purples] for Opaque clouds and 0.1 [reds], 0.3 [blues], 0.5 [greens], 0.7
[greys] for Thin clouds), the linear relationship does not depend on the cloud altitudes (dots light intensity; O km [dark] — 16 km [bright])
or geometrical thicknesses (dots size; 1 km [small] — 5 km [large]). Results shown here use the 2008-year mean thermodynamic
atmospheric variables over the tropic [30° S-30° N] from ERA-I reanalysis.

4.2 Evaluation of the linear relationship using observations at instantaneous CERES footprint scale

We evaluate the robustness of the OLR expressions (Egs. (3) and (4)) at the resolution of a CERES footprint

(~20 km) using CERES measurements, and cloud properties derived from collocated CALIOP observations T(%aque, TT%n
and E(TZ;u‘n- For this purpose, we apply Egs. (3) and (4) using Téz;mque, T’I‘Qf)lin’ s%in and the estimated OLR over the scene

the clouds OLR? .TQ

Clear opaque> TT%n, egu-n refer to atmospheric column

with a CERES footprint base by the "@®"); and are  obtained

T pin a0d € the CERES footprint. OLRS,,, , OLRS,

. |
averaging all T, Clear » Opaque

Opaque> and

OLR;O,H-n refer to atmospheric columns with a CERES footprint base.

RO (CERES)

Figure 6a compares the OL Opaque

R(Z) (LID)

opaque computed fromT, 0

measured by CERES over footprints entirely covercd by an Opaque cloud, with the OL Opagque

using Eq. (3). We see a very strong correlation between observed and computed OLR (R = 0.95). his confirms

that the OLR over an Opaque cloud is linearly dependent o TOQz),aque it is possible to

derive a cloud property which is proportional to the OLR . Monitoring Ttl7 on long-term should

paque

provide important information to better understand the LW cloud feedback mechanism.
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Figure 6b is the same as Fig. 6a but only CERES footprints entirely covercd by a Thin cloud

OLR%ETLIID) computed from TT%n, e%m and OLRgOlear using Eq. (4)

OLR%EZERES) (R = 0.89): but the regression slightly differs from the
identity line. Possible reasons for disagreements between are
discussed in Section 6. These same results are also as 2 function of TT%n and s%in in Fig. A2 for a fixed value

of 0LR(‘;Zl>ear (we selected measurements where OLRZ, . € [275,285] W-m) in order to show the effect of those two cloud

Clear

properties on OLR%ESERES)
The same evaluation performed with

July 2008 data (not shown) gives similar results, with R = 0.96 for Opaque clouds and R = 0.90 for Thin clouds.

(a) Opaque cloud (b) Thin cloud
300 300
R =0.95 R =0.89
e , o
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Fig. 6. Comparison between observed and lidar-derived OLR at CERES footprint scale: (a) over Opaque cloud single columns and (b)

over Thin cloud single columns. Results obtained from CERES (y-axis) and CALIOP (x-axis) collocated measurements. OLR(%%EQ and
OLR%ErLlID) are computed using Eqgs. (4) and (5). Only nighttime over ice-free oceans for January 2008 considered. R is
the correlation coefficient.
4.3 Evaluation of the linear relationship using observations at monthly mean 2°x2° gridded scale

We first compute the monthly mean gridded total OLR from gridded lidar cloud properties:

B (LID) _ ~M@ @ @ B(ID) |, @ @ (LID)

OLRTotal - CClearOLRClear + COpaqueOLROpaque + CThinOLRThin > (5)

where CEW, C(E';,aque and Cﬁlin are the monthly mean covers (Figs. 1,2): the ratio between the number of a specific
kind of single column the total number of single columns that fall into the grid box during a month. OLR(E)apg“(;Zg is

computed from Tgf,aque using Eq. (3), and OLR;!athIID) is computed from TTB?u-n, £7E~Ehin and OLRE.%EM using Eq. (4). Toagaque’

Tﬁiin and STE'ahin are obtained by averaging respectively all Tcl) 7! and nghin the 2°x2° box.

paque’ " Thin
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M (CERES)

We then evaluate the lidar-derived OLREHOEI;IID) against the CERES measurements OLR . To do so, we

computed the 2008-2010 mean OLR?;%D) from Eq. (5) using 0LR§W from C3M and compared it with the one measured

by CERES-Aqua. Figure 7 shows the comparison between the computed OLREHO%D) (Fig. 7a) and the measured
OLRﬁ)gngES) (Fig. 7b). We first ly-observenote the noteworthy-agreement of OLR patterns. Figure 7c¢ shows the difference

between those two maps. The global mean difference is -0.1 W-m™> seanine: OLREHO%D) very slightly underestimate the

R (CERES)

observed OLR ;4

exceeding 5 szﬁﬂdﬁbﬂ%(—)%ﬂ%’—l-%tl—ﬂﬁdﬂ—z—\d\'—m Locally, we note a lack of OLR over the warm pool, the Intertropical

. The zonal mean differences (not shown) are guite—small-andmostly lower than 2 W-m™, never

Convergence Zone (ITCZ) and the stratocumulus regions off the West coast of continents (up to 6-8 W-m™) and an excess

of OLR over latitudes beyond 50° N or 40° S (up to 4-6 W-m™). As C3M only covers through April 2011, but we aim to use

this framework on long time-series observations, we replace OLRE, .. from C3M by OLRE, . from CERES-EBAF in the

Clear

OLRE __ from CERES-EBAE

5 Clear

follewing rest of this paper.

—~Using OLRE  from C3M insicad of CERES-EBAF increases the

Clear

nstead_of OLRE & -~

clear - 55 : &°

global mean OLREHO%D) by 0.6 W-m™. (Fig. A3). for Rreasons for

-e-discussed in Section 6.
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474

F1G.7. Comparison between observed and lidar-derived
OLR at 2°x2° gridded scale: (a) derived from CALIOP
observations and (b) measured by CERES-Aqua. (c) = (a) -
(b). Only nighttime over ice-free oceans for
the 2008-2010 period considered. Global mean values
are given in parentheses.
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5 Contributions of Opaque clouds and Thin clouds to the cloud radiative effect

In the previous section, we found a linear relationship between OLRgpaque @and Topaque at
different scales. The relationship for Thin clouds, though quite simple, is not linear and agrees less with observations than for

Opaque clouds. In this section, we evaluate the contributions of Opaque clouds and Thin clouds to the total CRE.

5.1 Partitioning cloud radiative effect into Opaque CRE and Thin CRE

Using Eq. (5), we decompose the total CRE at the TOA, computed from lidar observations, in

Opaque and Thin clouds contributions:

D) — oLRE  — OLRE XD

Clear Total

H
CRETotal

= COB?)aque(OLRE _ OLREE(LID)) + C’il‘iln(OLREE _ OLREH(LID) . (6)

Clear Opaque Clear Thin

L ) L )
T T

| (LID) [ (LID)
CREOp aque CREThin

| (LID) H
E Opaque T

as a function of opaque and OLREMT:

Thereby, using Eq. (3), we can express CR Opaque>

CREZ D) — &

Opaque Opaque(OLRgear - 2'OTOH;E)Jaque + 310) (7)

Using Eq. (4), we can express CRETEELE,LJD) as a function of CE,, TH, &8 and OLRE, . :
BD) _ ~#H _H H H
CRErpiy = Crhinrhin(OLRClear — 20T 7 + 310) ®)

5.2 Global means of the Opaque cloud CRE and the Thin cloud CRE

Figure 8 shows the zonal mean observations of the 5 cloud properties (Cg?]aque, TOE?,aque, Cﬁlin, TTE?u-n and eﬁlin).

the subsidence branches of the Hadley cell, around 20° S and 20° N, C, H

opaque 18 minimum (Fig. 8a), TS and TTE,Hu-n

Opaque
are warm (Fig 8b, temperatures in y-axis oriented downward) and sﬁlm is minimum (Fig. 8c). So, we do not expect a

large contribution to the CRE from these regions. In contrast, the Intertropical Convergence Zone (ITCZ) corresponds to

local maxima of Opaque and Thin cloud covers, extremely cold TOEE)aque and TTE?u-n and a maximum of e%ﬂhin. large

CRE from

. This suggests that the relative
contribution of the Thin clouds to the CRE is larger in the tropic than in the rest of the globe. This should not be very
dependent on year since the interannual variations of these 5 cloud properties (represented by the shaded areas)

are very small compared to the zonal differences.
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FIG. 8. Zonal mean observations: (a) Cgiaque and Cﬁu-n,
(b) TDBEJaque among Opaque clouds and TTE?M among Thin

clouds and (c) sﬁu-n among Thin clouds. Only nighttime
conditions over ice-free oceans for the 2008-2015 period is
are considered. Shaded areas represent the envelope (max to
min) including interannual variations.

Figure 9 shows that Opaque clouds contribute the most (73 %) to the total CRE. We can also note that the zonal

Eg,gﬁg , and so approximately the variations of CRE B (LID)

variations of CR Total

(black line), can be explained by the zonal

variations of ngaque and Cg';,aque (Fig. 8a,b). For example, the absolute maximum CRE at 5° N (~44 W-m™) is associated

with a large cover and cold temperature of Opaque clouds. As suggested hercinbeforecarlicr, we-see—that-the relative

| (LID)

contribution of Thin clouds (CRE,;,

/ CREEEZD), Fig. 9b) is larger under-in the tropics, approximately 2-timestwice
larger below 30° (up to 40 %) than beyond those latitudes.
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F1G.9. (a) Partitioning of total CRE into Opaque CRE and Thin CRE. (b) Ratios of the Opaque Thin) CRE to the total CRE. Only

nighttime over ice-free oceans for the 20082015 period considered.
Figure 10 shows the same CRE partitioning on maps. The of patterns between total CRE
(Fig. 10a) and the Opaque clouds CRE contribution (Fig. 10b) is , again
Opaque clouds the CRE. Thin clouds
CRE (Fig. 10c) quite large between 20° S and 20° N in the Indian Ocean and the West Pacific

Ocean, especially all around Indonesia, where Cﬁlm (Fig. 2b) is maximum and TTB?u-n minimum (not shown).
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free oceans for the 2008-2015 period is arc considered.
Global mean values are given in parentheses.

@ (LID)

Globally, the predominance of CRE ;¢

is obvious since it represents nearly the-three-fourth quarters of the total

CREE,;ZD). Thereby, the cloud property ngaque inferred from lidar observations and linearly linked to OLRta,apaque should

g D)

be a very good candidate to constrain LW cloud feedbacks since Thin clouds only account for 27 % of CRE ;,,

AdseHowever, since the OLR expression used-for-above Thin cloudsseemsto-give coherentresulis for CRE -~ Eiu. En} is almost

as good as for Opaque clouds, it could also be used in a future work to quantify the role-impact of a-changes in Cﬁu-n, TTE,au-n,

| (LID)

and sﬁlin in-on the variations of CRE ;.

5.3 Tropical Opaque cloud CRE and Thin cloud CRE in dynamical regimes

Figure 11 shows the cloud properties as a function of dynamical regime in the tropics (whose PDF according to the

H
Opaque

driven by the velocity of ascending air (25 % to 45 % increase from 0 hPa-day™ to -100 hPa-day™) by the velocity of

500-hPa pressure velocity is given Fig. 11h). In the tropical convectiveon resimes (wsoo < 0 hPa-day™), C is strongly

asecending—air, whereas Cﬁu-n seems to be poorly dependent ef-on it, with an almost constant cover around 40 %. In

subsidenceregions, the mean Cgi',aque is also increasing when the air descending velocity is larger but with a wide range of
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variation from month to month (Fig. 11a). More strikingly, Tg%aque and Tﬁlin (Fig. 11b) vary linearly with wggo, With a

2=

small variability from month to month. Tj, 44, and TTEE'”-n linearly decrease from 20 hPa-day” to -100 hPa-day” from

approximately 5 °C to -35 °C and are constant between 20 hPa-day™ and 70 hPa-day™ at 5 °C. This suggests that, locally,

TOBE)aque and Tﬁlin are invariants in each dynamical regime. Radiative cloud temperatures TOE?)aque and Tﬁlin presented in

Fig. 11b were built respectively from temperatures at altitudes Z ! and Z!.  and from temperatures at altitudes Z L

Opaque Top> ase

and Z’ll‘op (see Section 3.1). The linear decrease from 20 hPa-day” to -100 hPa-day” of TOEE and Tﬁlin is due to the

paque

|
Opaque

Base for Thin clouds;

cumulative effects of a rising of the altitude of "apparent cloud base" (Z, for Opaque clouds and Z

22}

opaque and ZEE,u-n on Fig. 11c) and an elongation of the cloud vertical distribution which

see monthly mean 2°x2° gridded Z

gives even higher Z7,,

(see monthly mean 2°x2° gridded distance of "apparent cloud base" Z%p - Zgﬂpaque and Z%p -

VAS)

Base ON Fig. 11d). Figure 11e shows the distribution in dynamical regimes of e7p;;. It increases from 0.31 to 0.42 between

20 hPa-day™ and -100 hPa-day™, being almost invariant from month to month, and it is around 0.32 in average in subsidence

An interesting point appears in these figures is, in the tropics, the very small variability in the
relationship between cloud properties and wsg, in dynamical regimes between 20 hPa-day” and -100 hPa-day™: standard

deviation is around 2.5 % for C32 , less than 2 % for c3. , around 2.5 K for T8 less than 3 K for T2, s
Opaque Thin Thin

Opaque >

: H H B _ ,H BH _ ,H
approximately 0.01 for &7y, around 350 m for Z,)4,, and Zggg,, 300 m for Zz,, — Zgpaque and 200 m for Zzo, — Zp,q,.
So, a change in the large-scale dynamic regimes produces a change in the cloud properties and CRE that seem predictable.
For example, if W50 ON a region from -40 hPa-day'1 to

-80 hPa-day™, ¢33

paque increase by 8 % (Cﬂin will remain more or less constant), Toﬂgaque will decrease by 10 K

and TTE;”-n by 7K, and epp;, will increase by 0.03. These cloud changes would increase the CRE by 17 W-m™. including
14 W-m™ from Opaque clouds (Fig. 11f). Because C&, will remain more or less constant whereas Cgi,aque will increase

with a decrease of wgq in ascend , the relative contribution of Opaque clouds to the total CRE will be
convection . This is why we see in Fig. 11g a decrease of the Thin clouds

relative contribution from 20 hPa~day'1 to -100 hPa-day'l.
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F1G. 11. Tropical mean cloud properties and radiative effects as a function of the 500-hPa pressure velocity: (a) Cg%aque and C’IEELin’ (b)

Topaque among Opaque clouds and TT among Thin clouds, (c) Zgapaque among Opaque clouds and Z;Ease among Thin clouds, (d)

z8 -z
Top Opaque Top
and Thin CRE and (g) relative contribution of Opaque CRE and Thin CRE. (h) Distribution of the 500-hPa pressure velocity. Results

obtained from monthly mean 2°x2° gridded variables. Only nighttime conditions over ice-free oceans for the 2008-2015 period in [30°S—

hin

among Opaque clouds and 8 _z E?lse among Thin clouds, (e) e;ﬂhm among Thin clouds, (f) total CRE, Opaque CRE

30°N] is-are considered. The error bars show the + standard deviation of the 96-monthly means.

Because cloud properties seem to be invariants for dynamical regimes between 20 hPa-day ' and -100 hPa-day ', a

change in the tropics of the large-scale circulation should prewide-lead to a predictable change in the CRE in regions that stay

in this range of dynamical regimes, predietableand-linked to the spatial distribution (both covers and altitudes) of Opaque
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72 clouds and Thin clouds sounded by CALIOP. For example, models suggest

73 a narrowing of the ascending branch of the Hadley cell (e.g. Su et al., 2014), which means less
74 convective regions and more subsiding regions should result in a decrease of the CRE
75 knowing the changes of wsgq the tropics.
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6 Limitations of the OLR linear expression

In this study, from the direct measurement of the spaceborne lidar,
termed Z, (l)paque, we were able to infer the radiative temperature of Opaque clouds TOIpaque’ which we found linearly
to the OLR. We propose Z },p aque 88 @ good candidate to provide an observational constraint on the LW CRE
e tested the linear relationship at different scales from instantaneous to monthly means. s
we list possible uncertaint
6.1 Cloud radiative temperatures TlOpaque and TlThl.n

and T

. |
loud radiative temperatures T, Thin

opaque (Section 3.1) only take into

orZI

Base

account the apparent cloud seen by the lidar (Z | andZ!

Top opaque ). A temperature defined by

centroid altitude (Garnier et al., 2012) would account for the cloud vertical profile could

estimate the equivalent radiative temperature. However, our results show that the CRE is mainly driven by

Opaque clouds and Z l and Z! Thin clouds. Furthermore, observational-based

Base Top

and 7!

|
Z Top

Opaque
studies from the Atmospheric InfraRed Sounder (AIRS) and CALIOP showed that the radiative cloud height is located

the “apparent middle” of the cloud (Stubenrauch et al., 2010). The authors defin the “apparent middle” of the cloud

as the middle between the cloud top (Z ! ) and the “apparent” cloud base seesn by the CALIOP lidar (Z L for Thin clouds

Top ase

and Z! for Opaque clouds), consistently with our own definitions (Egs. (1) and (2)).

Opaque
Plotting results of Fig. 6 in single-cloud-layer situations (netshown ) shovs better correlation
coefficients, with R = 0.99 for Opaque clouds and R = 0.92 for Thin clouds. Hreveals-that our linear expression
can—be—atfected—by-additionaluncertainties in_multi-layers situations
. As an example, all the occurrences far frem-and ever-the identity line in Fig. 6a are due to eloud
multi-layers . For Opaque cloud-si taking into account the optical depth of the

thinner cloud which overlaps an Opaque cloud in the expression of Tclypaque improves the results

-R=0-97. However, this subtlety adds complexity to compute.

T(l)paque and enly—gives small improvements to a simple expression with already very satisfying
results (R =0.95 on Fig. 6a).

6.2-3 Evaluation of the OLR over Thin clouds

We saw that the theoretical linear expression of OLR for a fixed & overestimates the simulated

Thin Thin
, by up to +10 W-m™ many cases (Section 4.1). This is partly due to the linear theoretical
expression not tak into account the of the LW radiation within the clouds.
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explain why OLR ;" is large the measured OLR ;. (Fig. 6b). However, we do not
think affect the global scale partitioning of CREEEZD) between CRE(E‘it(quIfe) and
CREE%TD) because: replacing CREE%,LLID) by the difference CREEEZIERES) - CREB?,%&?

Opaque clouds to 74 % instead of 73 %.

Also, the value of ef . used to construct OLR?;E,I;ID) does not account for Thin cloud single columns where no

"Clear" bin is found below the cloud (these clouds are not present in the sle.n PDFs of Fig. 4d). This happens when very low
clouds are present in the lowest 480 m bin o, emissivities of Thin clouds close to the surface are not taken into
account in the averaged EEEhin. But since all these "missed" cloud emissivities are from clouds near the surface, their
temperature is certainly close to the surface temperature and their LW CRE should be small. So, this effect should have no
significant impact on the presented results.

, applying OLRle.n Eq. (4) to 2°x2° gridded variables introduces errors since the equation is non-

linear (the product of TTlhin and sle.n) unlike Eq. (5) the OLR! Eg—5-which is linearly dependent on T(l)

Opaque paque-
the
comparison of the computed gridded OLREHO%D) against the measured OLREHOEZ;ERES) has shown very good agreement.
Finally, the GOCCP product was to avoid false cloud
detections , the threshold chosen for cloud detection
that high clouds with ##-optical depths smaller than about 0.07
(Chepfer et al., 2010, 2013). These subvisible cirrus clouds are this study,
but as their emissivities are very small (smaller than about 0.03), they w likely not results
6.3-4 Gridded OLR
Concerning gridded OLR, we used monthly mean OLRE, , from CERES-EBAF in Egs. (4-

H
Clear

5) instead of instantaneous OLR from C3M since this product is only available up to April 2011. Clear sky OLR from

CERES-EBAF data is derived only from measurements over Clear sky atmospheric columns which are generally drier than

the clear part of a cloudy atmospheric column. ecause a drier atmospheric column leads to a stronger OLR

(e.g. Spencer and Braswell, 1997; Dessler et al., 2008; Roca et al., 2012), OLREE;eaT from CERES-EBAF should
H

Clear from C3M ion average. The diurnal cycle, which is taken into account in OLRE'%EM from CERES-

overestimates OLR

EBAF but not in OLRE'%MT from C3M (since we only used nighttime observations) could also play a role in the difference.

We found an increase of 0.6 W-m™ for the global mean OLREHOS;IZD) computed with OLRE__ from CERES-EBAF compared

Clear

to OLRE XD computed with OLRE, . from C3M for the 2008-2010 period.
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Differences could also be related, to multi-layer clouds in atmospheric

single columns, to microphysic properties, and to differences in local atmospheric properties. However, using

this very simple expression the OLR give an excellent correlation (R = 0.95) between monthly mean OLRE,gZIlD) and

0L R (CERES)

Total and a good agreement of the linear regression with the identity line (appendix C, 2D distribution of monthly

means 2°x2° gridded measured and computed OLR is given in Fig. ).

6.4-5 Sensitivity to Zopaque

and to the multiple scattering factor

We also checked the sensitivity of OLREHDEI;IZD) to the uncertainty in the altitude of full attenuation of the lidar

To do this, we in all Opaque

Opaque
single column
This the Opaque cloud radiative
temperature the OLR log“équ - and so the OLR EEO%D)
the global mean 0LREEI;IID) 0.9 W-m™ (appendix D, Fig. ).

Finally, a fixed multiple scattering factor n for the retriev of the Thin cloud emissivity,
whereas on cloud temperature (Garnier et al., 2015) could also play an
important role in the differences between computed OLR%E%ID) and measured OLRglggERES). We tested the sensitivity of

inn on OLREHOEZIID) modifying the value of n from 0.6 to 0.5. reduceds the global
mean OLREEO%D) 1.1 W-m™ (appendix D, Fig. ), which we consider negligible compared to the global mean

value of CREEM(ZD) equal to 28.4 W-m™.
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7 Conclusion

Simple radiative transfer models that estimate outgoing radiation
a limited number of variables are useful to build a first-order decomposition of climate feedbacks.

Such simple models exist in the SW domain, but not in the LW domain because LW fluxes are sensitive to the cloud

vertical distribution, making the definition of such a simple model more challenging . In this work,
we propose a simple LW radiative model which the LW CRE five variables: two
describ Opaque clouds (Opaque cloud cover: Opaque cloud radiative temperature) and three

describe the-semi-transparent clouds (Thin cloud cover, Thin cloud radiative temperature, and Thin cloud emissivity).
The originality of approach lies how the cloud vertical distribution is
described in this simple radiative transfer model. We used three levels
by a-space-borne lidar to describe the cloud vertical distribution within the simple radiative model.
Our approach contrasts with techniques based on passive space-borne sensors
information on the cloud
vertical distribution. Our approach also contrasts with techniques based on lidar/radar measurements
40 levels of altitude (or more) to describe cloud vertical distribution in the troposphere. In this work, we

taken advantage of the precision and accuracy of :e-space-borne lidar to describe cloud vertical structure, but

retaincd only three levels of altitude to describe the cloud vertical distribution. Considering three
levels of altitude build 2 simple radiative models, useful for first-order cloud feedback analysis, given that
the more complex radiative transfer models using altitude levels can be used for this purpose.

he three levels of altitude influence the OLR 01D

|
Top

cloud top altitude Z Opaque

2) the level of full attenuation of the lidar laser beam Z in a-single columns containing an

Opaque cloud, and 3) cloud base Z!

Base- 1 a-single columns containing a-semi-transparent Thin cloud. These three
altitudes are first--order drivers of the LW CRE. and have been measured precisely and
unambiguously over a decade with the CALIPSO space-borne lidar.

Using radiative transfer computations, we found that the OLR above an opaque cloud can be expressed linearly as a

— 310, where T!

opaque 18 obtained from the combination of

function of the “Opaque temperature”’: OLR'O;L;qDI)w = 2.0T(|,paque

Top> the level of full attenuation of the lidar laser beam Z!

the cloud top altitude Z Opaque>

and a temperature profile from
reanalysis . his simple relationship that if an Opaque cloud

S0 decreases its T by 1K, then the OLR is decreased by 2 W-m™. Using this linear relationship

Opaque
together with CALIPSO and CERES observations, we estimated
Opaque clouds, which cover 35 % of the ice-free ocean, contribute to 73 % of the global mean
whereas Thin clouds, which cover 36 %, contribute to 27 %.
We checked the robustness of theis linear relationship against observations at two different space

and time scales instantaneous

CALIPSO lidar CERES broadband radiometer data

e found a correlation coefficient of 0.95 between the lidar derived T(%aque

and the OLR measured by the

broadband radiometer . monthly
within 2° latitude x 2° longitude grid boxes

differs by 0.1 W-m™ from the OLR measured by

CERES.
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To conclude, this paper proposes a simple approximate the complex problem of radiative
transfer in the LW domain could be used to explore first-order LW cloud feedbacks in both observations and
climate model simulations. On the observational side, future work will analyz the inter-annual variability of

the record collected by space-borne lidars and broadband radiometers: CALIPSO/CERES in the A-train (10+ years)

by (Illingworth et al., 2014) to be launched in . On the
climate model simulation side, this framework will be included in the Cloud Feedback Model Intercomparison Project
(CFMIP) Observation Simulator Package (COSP; Bodas-Salcedo et al., 2011) lidar simulator (Chepfer et al., 2008) and
applied to climate model outputs in order to quantify the of each cloud property the simulated cloud

feedbacks.
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Appendix A: Radiative cloud temperature

Schematically, if we consider an optically uniform cloud, i.e. the LW optical depth 57"/ increases linearly through
the cloud, with a cloud total LW optical depth é}lzLas we can compute the upward LW radiative flux emitted by the cloud
at the top of the cloud (67! = 0). Neglecting the cloud particle reflectivity in the longwave domain, from the integral form

of the Schwarzschild's equation, we can express the upward zenithal spectral radiance Ill, emitted by the cloud at the top of

the cloud:

UcCloud

| Lw Lw| 2 1l
By e (571 = 0) = J,Clona g, (T(500W1) ) o= v [W-m? s m'] (A1)
Considering a linear increase of the temperature with LWI from the cloud top to the cloud base (T( LW') =

ki6t"! + k,) and integrating IllJ throughout the whole LW spectrum (using Stefan-Boltzmann law [ B, dv = ¢T*/7),

Cloud

we can write the LW radiance I“"! emitted by the cloud at the top of the cloud as:
Lw
w u 4 _ s LW E -
Iczmlm Lw| — 0) = fo Clo d%(kl w4 kz) e dsciwl [W,mZ.Srl]
(A2)

Assuming that the cloud emits as a Lambertian surface, the upward LW radiative flux F':w! emitted by the cloud at

the top of the cloud is given by:

wi o 1w AR Lw| 4 _5rIWI o L 2
Feioua =0) = J, a(ky +k;) e d [W-m™]
(A3)

Then, for specific values of coefficient k, and k,, which determine the gradient of temperature in the cloud and the

. .. . T
cloud top temperature (and so the cloud base temperature knowing éroqld), it is possible to compute FCZZVZL Wl = 0) and

T
FwI

4 LW| 4
then solve the equation . Wl = 0) = s'o(Trlad) = (1 —e” Claud) U(Trlad) to find the corresponding equivalent

cloud radiative temperature Trla d-

Appendix B: Vertical distributions of clouds directly observed by CALIOP

For 3 regions, as for Fig. 4, Fig. Al shows distributions of the distance between cloud top and Zg, 44,

and the distance between cloud top and cloud base . In the 3 regions, when an Opaque

opaque 18 mostly found in the 1% km below ZITOp (30 % in the

cloud (Fig. Ala) is penetrated by the laser beam of the lidar, Z,
tropical convective region, 52 % in the mid-latitudes region and 75 % in the tropical subsiding region). The frequency

| |
Top and Zopaque can

distribution collapses after 1 km (note the logarithmic y-axis). The greater altitude differences between Z
be due to a more vertically spread cloud or to multiple cloud layers. If we look at the dashed lines, which represent the part
of the PDF considering only profiles without multilayers, we can see that the curves of the 3 regions fall to zero around 4—

5 km. This means that all the part of PDFs over 5 km are due to multi-layer

Regarding Thin clouds (Fig. A1b), we mostly found Zbl's’ase in the 1* km below Z;Op

(49 % in the tropical convective
region, 68 % in the mid-latitudes region and 76 % in tropical subsiding region). The frequency distribution collapses after
1 km (again, note the logarithmic y-axis). The part of the PDF of profiles without multilayer (dashed lines), i.e. single
columns which contain only one optically thin cloud layer and so directly represent the geometrical thickness of Thin clouds,
fall to zero around 4-5 km. This means, as for Opaque clouds, that all the part of PDFs over 5 km are due to overlap of

cloud
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Furthermore, as PDFs collapse after 1 km in
both figures and for all regions, it suggests that, the laser

beam is almost every time totally attenuated when exceeding 1 km thickness.

Appendix C: Verification of the lidar-derived gridded OLR against CERES observations

Figure shows the correlation between the OLR computed from lidar observations (OLREEOEZD)) and the OLR

measured by the CERES radiometer on-board the Aqua satellite on which we extract only footprints collocated with the
CALIPSO ground track (OLRE%Z?RES)) for nighttime and over ice-free oceans on 2°x2° monthly means for the 2008. We

found an excellent correlation (R = 0.95) and the regression slope is near the one-to-one line which reinforces our confidence

in this simple OLR expression to correctly estimate the observed OLR.

Appendix D: Sensitivity of the lidar-derived gridded OLR to Z IOpaque and to the multiple scattering factor

Figure shows the difference between lidar-derived gridded 0LRE§ZIID) shown in Fig. 7a and the one which

would be obtain if Z! Opaque

opaque Was found 480 m higher. To do this, we replaced the altitude Z

of each Opaque cloud

single column found with the lidar by the bin above, so the altitude of Z;,, ¢

is systematically increased by 480 m. We

then recomputed OLREJEZIID) in the exact same way as described in this paper. The effect of an increase in the altitude of

is a global mean decrease in OLRESZIID) by 0.9 W-m™. Areas where OLR;'?OEZILD) is the most affected correspond to

I
ZOpaque

areas with large values of Opaque cloud cover (patterns for 2008—2015 period on Fig. 2a are quite similar to those for the

year 2008) except for the stratocumulus regions off the West coasts of the African, the American and the Oceanian

REH (LID) |

continents where C is large but where OLR ., ~ change is not very pronounced. A higher Z opaque increases the level

Opaque

of the radiative temperature of the Opaque clouds, so decreases this temperature and then weakens OLREEOE‘LZILD). Since

OLRE%I[D) is not affected as much in the stratocumulus regions, this suggests that vertical temperature gradient where these

clouds are founded must be weak.

R (D)

Figure shows the difference between lidar-derived gridded OLR; ),

shown in Fig. 7a and the one

which is obtain using a fixed multiple scattering factor n = 0.5 instead of = 0.6. Decreasing 7, increases the retrieved

emissivity of the Thin clouds by 0.05. Consequently, areas where Thin cloud cover is large and where they are high and

| (LID)

cold, so where they have a strong cloud radiative effect, are regions where OLR ;.

is the most affected by this change (in

the multiple scattering factor), up to a decrease of 3.5 W-m™ in the Indonesian region.
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FIG. A2. Comparison between observed and lidar-derived
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