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S1 Relationships between optical and microphysical properties in subadiabatic boundary layer clouds
S1.1 Linking cloud microphysical and optical properties

Here we present several key relationships summarised by Grosvenor et al. (2018), which resulted in relationships between
cloud optical depth 7, effective radius 7, liquid water path LWP and geometric thickness H for subadiabatic clouds.
The extinction coefficient for a collection of droplets is:

Bext(2) =7 [ Qexe (Mr?n(r) dr (S1)

Where Qex is the extinction efficiency, the ratio of extinction and geometric cross section for a given droplet. Given that for
cloud droplets in the A-band, 7, >> A, we take the approximation Q.,, = 2, which is the asymptotic limit from Mie theory for
large size parameters.

Next we require the droplet effective radius, which is the ratio of the third to the second moments of the droplet size
distribution:

fooo r3n@r) dr

@ ==, (82)
And the relation of liquid water content to the droplet volume:

L(z) = M%fow r3n(r) dr (S3)
Combining Egs. (S1)—(S3) results in:

Bow (7) = 222t 22 (s4)

4pw Te(2)

We then introduce the ratio of the effective and volumetric mean droplet radii as:

Ty 3

k= (—) (S5)
Te

For the commonly used gamma distribution of drop sizes, this is related to the width of the distribution. We assume that this

is constant with height, and its value tends to be near 0.8 in marine clouds. The liquid water content is also related to the

volumetric mean radius via:

L(z) = ‘mewlari (S6)

3

Combining Egs. (S5) and (S6) and substituting into Eq. (S4), then integrating over the cloud gives optical depth:
2
= 1 2
Te = Qexe (5-)" Namh)s [ L(2)5 dz (87)

S1.2 Comparing subadiabatic and homogeneous clouds

In the adiabatic cloud model we have:

L(Z) = fadeZ (SS)
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And therefore, taking geometric thickness H as zip-Zbase:

2
= 1 5
Toqq = 22t (Lot )2 (N, k) H (89)

Pw

For a homogeneous cloud we have a constant liquid water content with height, ie. L(z)=A4

2
34\3 1
Te,homo = Qext (m)3 (Ngymk)sH (S10)
The homogeneous cloud optical depth differs from the subadiabatic cloud in that optical depth scales with H instead of H*7,

and otherwise differs by a ratio of 54%3/3. We can compare their optical properties by consider the effect on optical depth of

the difference in structure for an equal LWP. In this case, to conserve mass:

A =Laded (S11)

And Eq. (S10) becomes:

2
3fadcw)3 2
Te,homo = Qext (Td‘:)3 (Ngymk)sH3 (S§12)
Or more explicitly we compare 7 44 for the subadiabatic cloud and 7, 4y, for the homogeneous cloud first by simplifying:
2
3fadcw 3 1
X = Qoue (Zeto)? (k3 (S13)
Which makes the optical depths:
3 1 5
Tead = EXN;MHE (S14)
And:
22 s
Tehomo = 2 3XNg pomoH? (S15)

i.e. these two clouds show the same scaling of 7, with H but vary by a factor of:

1
5 1
Tchomo __ 52—5 (Nd,homo)3

Tcad 3 Ngad

(S16)
Note that while Ny is constant within each cloud, it is not necessarily the same in the homogeneous case as it is in the

subadiabatic case.

Referring back to Equations (S3) and (S5) and N constant with height:

3
L(z) = —4"’“3 are (2) (S17)

1

With the subadiabatic L(z) this can be rearranged to determine that Ng is:

,ad

1 1

3 _ 3kfadcw 3 1 -1
N;,ad = ( 4,:0W ) 73 14,44(2) (S18)
Whereas with the homogeneous L(z) this becomes:

1 1 1

3 _ 3kfaacw\3 (H\3 -1
Nenomo = ()’ (5) 7eomo (519)
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When substituting Eqgs. (S18) and (S19) into (S16), the first terms in the brackets cancel and we obtain:
1 1
Tehomo _ 5 2 H 37Tead(2) _ 5(H 37ead(2)
Tcad T3 2 s (22) Te,homo 6 (Z) Te,homo (Szo)

Therefore a homogeneous cloud has the same optical depth as a subadiabatic cloud of the same H and LWP provided that:

5
Te,nomo = ¢ Te,ad (H) (S21)

Or alternatively:

125

Tenomo = Teaa (32 H) = Te.qa (0.58H) (522)

216

S1.3 Calculating prior cloud thickness

The subadiabatic and homogeneous clouds are expected to have the same optical depth for a fixed A and LWP given that an
appropriate r. is used. The next question is how to calculate an appropriate prior cloud pressure thickness. As part of the
OCO2CLD-LIDAR-AUX retrieval, we make a prior estimate of the cloud optical depth based on a lookup table using the

continuum A-band radiances. And the retrieval assumed r.= 12 pm. Therefore we express LWP as LWP(t,r.) and relate this

to H using Eq. (S8). Firstly, we combine Eq. (S8) and (S17) and evaluate them at cloud top:

3
L(H) = fugc, H = TR2EE (S23)
_ 411:pWNdkre3
H = acn (S24)
Integrating Eq. (S8) and inserting for H using (S24):
1 1 4mpyN gk\ 2
LWP = faatuH? = faatw (555L) 18 (S25)
Next, we also insert Eq. (S24)’s expression for H into Eq. (S9), for the adiabatic 7.(H):
2 5
_ 3Qext (3fadw)3 L rampywNgkrg\3
Te="% ( 4py ) (Ngmk)s ( 3fadcw ) (526)
Collecting the terms in Eq. (S26) and expressing as a function of 7,°:
RS = s (N k) 2 (S27)
Inserting this into Eq. (S2):
1 47PN gk \? 5fadCw _
LWP =2 foacy ( T ) e (N k)P, T (S29)
Once again, collecting and cancelling terms results in:
Lwp =20w ¢ (S30)
9Qext

Or for H,

_ 20pwTeT
N \ 9Qextfadw (S3 1)



We take the following values: faacw = 1.9%103 g m™, Qe = 2 and p,,= 1,000 kg m™. Note that . here refers to the cloud top

value. From Eq. (S21), the homogeneous value to use is equivalent to the 5/6ths of this value.

2 Vertical profile of extinction in subadiabatic and homogeneous clouds

Taking Eq. (S3), which relates extinction to L(z) and r.(z), we consider their vertical profiles in a subadiabatic cloud, rearrange
Eq. (S6) and use Eq. (S5) to make r.(z) the subject:
1

_ 3L(z) \3
Te (Z) - (411:pWNdk) (832)
Substitute this into Eq. S4:

3Qex 4mpyN gk

Boe(z) = 222t ("”T‘*) Li(2) ($33)

And taking the liquid water profile from Eq. (S8):

Boe(z) =222t (“"”W”d") (faaw?)? (S34)

i.e. the extinction scales with z? in a subadiabatic cloud and:

Bext(2) = Azs (S35)

Integrating Eq. (S35) shows that A4 is related to H and 7 and:

Boxt(2) = 5725 (S36)
3H3

This contrasts with a homogeneous cloud whose profile is:
Bexe(2) = (S37)
For constant H and 7, example extinction profiles are displayed in Figure S1. It is clear that the cloud extinction in the

subadiabatic model is weighted more heavily towards cloud top.
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Figure S1. Example extinction coefficients for a cloud of the same H and 7 for a homogeneous or subadiabatic structure. This ignores
atmospheric molecular absorption.



