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Key Points:6

• Results of a novel method suggest that phase shifts dominate mid-latitudinal cloud7

optical depth increases with temperature compared to liquid and ice processes.8

• The contribution of phase shifts to cloud optical depth variations with temper-9

ature is not strongly sensitive to dynamics.10

• Thermodynamic phase shifts contribute more to increases in cloud optical depth11

with temperature during colder seasons.12
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Abstract

We present a novel method that identifies the contributions of thermodynamic phase shifts 

and processes governing supercooled liquid and ice clouds to cloud optical depth vari-

ations with temperature using MODIS observations. Our findings suggest that thermo-

dynamic phase shifts outweigh the net influence of processes governing supercooled liq-

uid and ice clouds in causing increases in mid-latitudinal cold cloud optical depth with 

temperature. Cloud regime analysis suggests that dynamical conditions appear to have 

less influence on the contribution of thermodynamic phase shifts to cloud optical depth 

variations with temperature. Thermodynamic phase shifts also contribute more to in-

creases in cloud optical depth during colder seasons due to the enhanced optical thick-

ness contrast between liquid and ice clouds. The results of this study highlight the im-

portance of thermodynamic phase shifts in explaining cold cloud optical depth increases 

with temperature in the current climate and may elucidate their role in the cloud op-

tical depth feedback.

1 Introduction

Clouds, covering an average of ∼67% of Earth’s surface [King et al., 2013], play a 

critical role in Earth’s radiation balance mainly by increasing the global amount of re-

flected shortwave (SW) radiation by ∼46 Wm−2 and by reducing the amount of long-

wave (LW) terrestrial radiation emitted to space by ∼28 Wm−2, resulting in a net cool-

ing of ∼18 Wm−2 [Loeb et al., 2018]. While the net effect of clouds on the present-day 

radiation balance is to cool the planet on average, it remains unclear how changes in clouds 

will either amplify or damp the warming induced by increases in greenhouse gases through 

various feedback mechanisms. Some of these changes in cloud responses to greenhouse

gas forcing occur on a relatively rapid timescale of a few weeks [Andrews et al., 2012], 

while others are mediated by changes in the global mean surface temperature [Stocker

et al., 2013], and thus occur on much slower timescales. Disparate responses of the lat-

ter type, referred to as cloud feedback, have been identified to contribute the greatest 

uncertainty in Earth’s changing energy budget [Stocker et al., 2013] and therefore in cli-

mate projections.

Despite the large uncertainty in cloud feedback, robust features have emerged in 

climate models. There is a consensus among the fifth phase of the Cloud Model Inter-

comparison Project (CMIP5) models that the optical depth, τ of low-clouds in the ex-44
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tratropics robustly increases with warming [Zelinka et al., 2012; Ceppi et al., 2017]. Since 

an increase in τ increases the amount of sunlight reflected back to space, the increase

in τ with temperature leads to a negative extratropical cloud optical depth feedback in 

the CMIP5 models. τ is a function of cloud water content and the vertical profile of ef-

fective radius. Early in situ aircraft measurements in the 1960s in the Soviet Union have 

noted that cold cloud liquid water content (LWC), and hence τ , increases with temper-

ature [Feigelson, 1978]. Moist thermodynamic relationships can be invoked to explain

this increase in cold cloud LWC. It has been shown that the amount of condensed wa-

ter in saturated rising air parcels along a moist adiabat scales with the temperature deriva-

tive of the moist adiabat [Betts and Harshvardhan, 1987]. τ -temperature relationships 

derived from International Satellite Cloud Climatology Project (ISCCP) satellite obser-

vations have shown that increases in τ with temperature over cold continental clouds are 

in the range of those measured by Feigelson [1978], suggesting that an increase in adi-

abatic water content is potentially the primarily physical mechanism responsible for in-

creases in τ with air temperature in cold continental clouds [Tselioudis et al., 1992]. In 

contrast, the ISCCP observations have also revealed that τ decreases with temperature 

over the warmer tropics and subtropics. Thereafter, Tselioudis et al. [1998] confirmed 

that these τ -temperature relationships are consistent with those observed after CO2 dou-

bling in NASA’s GISS climate model, although the model was found to exaggerate the 

increase (decrease) in τ with warming in the mid-latitudes (subtropics and tropics). An 

analysis of the models participating in phases 1 and 2 of the Cloud Feedback Model In-

tercomparison Project (CFMIP1 and CFMIP2) revealed that similarly to the GISS cli-

mate model, many other models generally exhibit the typical trait of overestimating cold 

and warm τ increases with temperature over both land and ocean [Gordon and Klein, 

2014]. As Tselioudis et al. [1998], Gordon and Klein [2014] and Terai et al. [2016] have 

demonstrated, the fact that the τ -temperature relationships are well-correlated with the 

cloud optical depth feedback in response to CO2 doubling in models implies that the τ -

temperature relationships are timescale invariant and can thus act as an emergent con-

straint for the cloud optical depth feedback. However, a key obstacle hindering the es-

tablishment of an emergent constraint for the cloud optical depth feedback is the lack

of a clear understanding of the dominant physical mechanisms that can explain the em-

pirical relationship between τ -temperature relationships and the cloud optical depth feed-

back. Establishing the dominant physical mechanisms responsible for the empirical re-77
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lationships is important as the empirical relationships can be fortuitous [Klein and Hall ,78

2015].79

Aside from mechanisms primarily associated with changes in cloud water content,80

another physical mechanism that can explain changes in τ with temperature relates to81

changes in cloud particle effective radius. This mechanism is pertinent to mixed-phase82

clouds, i.e. clouds that are comprised of mixtures of supercooled liquid droplets and ice83

crystals. Thermodynamic phase shifts from ice to liquid hydrometeors in mixed-phase84

clouds occur as the atmosphere warms in what is known as the “cloud phase feedback”85

[Mitchell et al., 1989; Tsushima et al., 2006; McCoy et al., 2014a; Tan et al., 2016; Frey86

and Kay , 2017]. Since liquid droplets are typically more abundant and smaller in size87

compared to their solid counterparts [Pruppacher and Klett , 1997], shifts from the ice88

to liquid phase within mixed-phase clouds can increase τ due to the fact that extinction89

is inversely proportional to effective radius; therefore, for a fixed water content, τ increases90

(decreases) when ice (liquid) is replaced with liquid (ice). An increase in the availabil-91

ity of ice in mixed-phase clouds would therefore increase the potential for an ice-to-liquid92

transition, which could result in increased τ . Thermodynamic phase changes from liq-93

uid to ice, on the other hand, can also occur as a result of the Wegener-Bergeron-Findeisen94

process [Wegener , 1911; Bergeron, 1935; Findeisen, 1938], a process whereby ice crys-95

tals grow at the expense of surrounding liquid droplets when the ambient vapour pres-96

sure is greater than the saturation vapour pressure over ice and less than the saturation97

vapour pressure over liquid. Thermodynamic phase changes due to the WBF process oc-98

cur on relatively fast timescales and generally act to decrease τ by replacing liquid droplets99

with ice crystals; a mixed-phase cloud can completely glaciate within hours, although100

they have been observed to exist for days or even weeks [Morrison et al., 2012] depend-101

ing on the local vertical updraft velocity, ice particle number concentration and LWC102

[Korolev and Isaac, 2003]. Nonetheless, the longer-term impact of the WBF process on103

the climatological partitioning of liquid and ice in mixed-phase clouds and climate may104

be substantial [Tan and Storelvmo, 2016; Tan et al., 2016].105

Here we present a novel method that takes advantage of Moderate Resolution Imag-106

ing Spectroradiometer (MODIS)’s ability to partition τ into contributions from liquid107

and ice clouds at the grid cell level to determine the role of thermodynamic phase shifts108

to changes in τ with temperatures relative to processes operating in liquid and ice clouds.109
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2 Dataset and Derivation

MODIS is a spectroradiometer that measures solar reflected and thermal emitted 

radiation at 36 spectral bands ranging in wavelength from 0.4 µm to 14.4 µm. MODIS 

operates on both the Terra platform, which is in a descending node that crosses the equa-

tor at 10:30 am local time and the Aqua platform, which is in an ascending node that 

crosses the equator at 1:30 pm local time. MODIS has a relatively wide swath of 2330 

km (cross track) by 10 km (along track at nadir) that covers Earth’s entire surface within 

two days. The derivation presented in this section involves MODIS-Aqua’s level 3 daily 

gridded (1◦) Collection 6 (C6) cloud optical and microphysical properties product [Plat-

nick et al., 2017] for the four-year time period extending from January 1, 2013 to De-

cember 31, 2016. Using this product, we have verified that to good approximation (Fig-

ure S1),121

ln τ(T ) = ki(T )ln τi(T ) + kl(T )ln τl(T ), (1)

where ln is the natural logarithm, T is temperature (cloud-top temperature (CTT) in122

our analysis), ki (kl) is the number of ice (liquid) pixels divided by the total number of123

liquid and ice pixels within a 1◦ by 1◦ grid cell, and the overbars represent daily aver-124

ages in a grid cell. Daytime τ retrievals are originally performed at 1 km resolution. The125

daytime τ retrievals require prior determination of the thermodynamic phase of the clouds126

[Platnick et al., 2017], which is obtained by employing a voting methodology that takes127

into account the output of several phase determination tests in C6 [Marchant et al., 2016].128

The phase information is derived using a combination of visible, shortwave infrared and129

infrared channels, and the phase thresholds used in the daytime algorithm were optimized130

using collocated measurements from Cloud-Aerosol Lidar with Orthogonal Polarization131

(CALIOP) [Winker et al., 2009]. Daytime-retrieved τ is then estimated using look-up132

tables derived from radiative transfer calculations [Nakajima and King , 1990]. Although133

the MODIS C6 product introduces partly cloudy and edge (collectively referred to as “PCL”)134

pixels as a separate category, we did not include these pixels in our analysis as they are135

known to be of lower quality and have higher retrieval failure rates compared to the reg-136

ular MODIS retrievals [Platnick et al., 2017]. However, we note that this may potentially137

result in a systematic bias towards optically thicker clouds [Platnick et al., 2017]. MODIS138

computes CTT from CTP via re-analysis profiles that relate atmospheric temperature139
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to pressure. CTP is retrieved using two different methods depending on cloud height:140

for mid-level and high clouds the CO2 slicing technique is employed; for low clouds (CTP141

> 700 hPa) infrared brightness temperature is used.142

Equation 1 can be rewritten as143

ln τ(T ) = ki(T )ln τi(T ) + (1 − ki(T ))ln τl(T ) (2)

= ki(T )
(

ln τi(T ) − ln τl(T )
)

+ ln τl(T ). (3)

Taking the temperature derivative of Equation 3 yields144

dln τ

dT
= dki

dT

(
ln τi(T ) − ln τl(T )

)
+ ki(T )dln τidT − ki(T )dln τldT + dln τl

dT (4)

= dki
dT

(
ln τi(T ) − ln τl(T )

)
+ ki(T )dln τidT + kl(T )dln τldT . (5)

The first term on the right-hand side (RHS) of Equation 5 represents the contribution145

of thermodynamic phase shifts to variations in τ with temperature, and is the product146

of the rate of change in the fraction of ice cloud pixels with CTT and the difference in147

the mean logarithms of ice and liquid clouds. The second term on the RHS of Equation 5148

represents the contribution of processes operating in ice clouds to variations in τ with149

temperature. The third term on the RHS of Equation 5 represents the contribution of150

processes operating in liquid clouds to dln τ
dT . The derivatives were computed by regress-151

ing the relevant daily gridded mean values on daily mean CTT values in 15◦C temper-152

ature bins. Since mean grid values were used in the analysis, grid cells containing both153

high ice clouds and low liquid clouds could be mistaken for a middle-level cloud since154

cloud properties are averaged within each grid cell. To minimize such instances, the data155

were filtered to exclude grid cells where the standard deviation of CTT > 5◦C. The weight-156

ing factors multiplying the derivatives in the right-hand side of Equation 5 were com-157

puted as the mean of all values used in the regression that determined the derivative val-158

ues. Since MODIS relies on measured reflectance for its retrievals of τ , data poleward159

of 55◦ were excluded from the analysis to avoid potential contamination from bright sur-160

faces. Analysis of the statistics of solar zenith angle (SZA) within each of the 15◦C tem-161

perature bins revealed very little variation in SZA between the temperature bins, sug-162

gesting that any τ biases due to SZA effects do not depend systematically on CTT. The163
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main focus of this work is on the first term, i.e. the contribution of thermodynamic phase164

shifts to d ln τ
dT in the current climate.165

3 Results166

The results of the decomposition method are presented in this section as plots of167

d ln τ
dT variations with CTT. Each CTT value on the abscissa represents the mid-point of168

a 15◦C temperature bin, over which the linear regressions were performed. The temper-169

ature bins overlap and their mid-points are separated by 2◦C. Since the focus of this work170

is on the contribution of thermodynamic phase shifts to d ln τ
dT , the temperature range con-171

sidered spans from the approximate homogeneous freezing temperature of −40◦C to 0◦C,172

above which water can only exist in liquid phase. A decomposition of variations in τ by173

climatic zone is presented first in Section 3.1. Subsequent analyses focus on the contri-174

bution of thermodynamic phase changes to variations in τ . The decomposition method175

is applied to various “cloud regimes” in Section 3.2 to determine the extent to which ther-176

modynamic phase shifts change depending on the local dynamical conditions. Finally,177

the seasonal dependences of the phase shift term are presented in Section 3.3.178

3.1 Decomposition of Cloud Optical Depth Variations with Tempera-179

ture Driven by Latitude180

The decomposition of τ variations with CTT following Equation 5 is plotted as a181

function of temperature for the mid-latitudes (35◦ to 55◦ in both hemispheres), subtrop-182

ics (15◦ to 35◦ in both hemispheres) and tropics (15◦S to 15◦N) and shown separately183

over land and ocean in Figure 1. Values that are statistically significant (insignificant)184

at the 95% level, according to the F-test are denoted by open (closed) symbols. Although185

investigation of the physical processes responsible for the contribution of ice and liquid186

clouds to d ln τ
dT (second and third terms on the RHS of Equation 5, respectively) is be-187

yond the scope of this study, these terms are nevertheless shown to put the contribution188

of thermodynamic phase shifts to d ln τ
dT (first term on the RHS of Equation 5) in con-189

text. Processes related purely to liquid clouds include but are not limited to changes in190

adiabatic water content, precipitation, cloud-top entrainment and other processes related191

to boundary-layer decoupling for low-clouds. Some processes related to ice clouds include192

precipitation, riming, ice nucleation and ice splintering.193
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195

196

We have verified that the sum of the three terms in the decomposition highly cor-

relates (R∼0.99) with d ln τ when computed using the MODIS daytime-retrieved total

dT

τ (i.e. the combined τ value that does not distinguish thermodynamic phase) for the var-

ious latitude bands (Figure S2). This shows that our method accurately decomposes d ln τdT .197
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Figure 1. Decomposition of cloud optical depth variations with cloud-top temperature ( d ln τ
dT

)

as a function of cloud-top temperature over (a) mid-latitude land, (b) mid-latitude ocean, (c)

subtropical land, (d) subtropical ocean, (e) tropical land and (f) tropical ocean. Open (closed)

symbols indicate values that are statistically significant (insignificant) at the 95% level according

to the F-test.
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It is evident from Figure 1 that the thermodynamic phase shift term is always pos-203

itive. This contribution, represented by the first term on the right-hand side of Equa-204

tion 5 is the product of two quantities that are usually negative: the difference in log-205

arithmic means of τ in a grid cell is usually negative because of the inverse relationship206
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between extinction and particle size previously discussed (typically causing ln τl>ln τi),207

while the derivative is also negative because the fraction of ice pixels decreases with tem-208

perature.209

It is interesting to note that physical processes affecting liquid and ice clouds al-210

ways cause τ to decrease with temperature between −40◦C and 0◦C in the mid-latitudes,211

with the exception of ice cloud processes operating over relatively warmer temperatures212

over land in the mid-latitudes that cause small increases in τ with temperature. The fact213

that the thermodynamic phase shift term is the largest in magnitude of any term con-214

tributing to increases in cloud optical depth variations with temperature suggests that215

thermodynamic phase shifts are the main cause of increases in cloud optical depth with216

temperature in the mid-latitudes relative to physical processes affecting liquid and ice217

clouds. However, we note liquid cloud processes play a strong counterbalancing role by218

driving decreases in cloud optical depth variations with temperature.219

A comparison of the sum of the decomposed terms, displayed in black in Figures220

1a to d with Figure 4 in Tselioudis et al. [1992], who quantified d ln τ
dT using 3-hour av-221

erages of ISCCP observations over the same regions in 280-km-wide areas reveals the same222

overall qualitative features. In particular, d ln τdT is positive over land at colder temper-223

atures but reverses to become negative at warmer temperatures. However, extension of224

patterns of d ln τ
dT to temperatures colder than −24◦C over land reveals that d ln τ

dT becomes225

negative once again. Over the ocean, d ln τdT is negative and becomes positive below a thresh-226

old temperature. It is important to note, however, that a direct comparison with Tse-227

lioudis et al. [1992] is not possible due to fundamental differences in the methodology228

used. Namely, while Tselioudis et al. [1992] excluded all clouds with tops outside the 680229

to 800 hPa range, we use in our analysis all clouds within a 1◦ by 1◦ grid cell as long as230

the standard deviation of CTT < 5◦C. Another key difference between the two meth-231

ods is the type of temperature used; while Tselioudis et al. [1992] used mean (averaged232

horizontally and vertically) air temperature in their analysis of low-clouds, this analy-233

sis uses mean (averaged horizontally only) CTT. Similarly, a comparison between our234

Figure 1 and Figure 1 in Gordon and Klein [2014] may not be appropriate since Gor-235

don and Klein [2014] consider only low-clouds in models.236

In contrast to the mid-latitudes, the contributions of liquid and ice cloud processes237

to d ln τ
dT tend to be positive at colder temperatures but decreases at warmer temperatures238
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until they become negative in the subtropics and tropics. The positive contribution of239

thermodynamic phase shifts to d ln τ
dT is always greater than that of the individual con-240

tributions of liquid and ice cloud processes in these climatic zones.241

3.2 Contribution of Thermodynamic Phase Shifts to Cloud Optical Depth242

Variations with Temperature by Cloud Regime243

Correlation coefficients for the linear regression between ln τ and CTT in the anal-244

ysis above were typically ∼0.3 or greater. The lack of a stronger correlation between ln τ245

and temperature indicates that factors other than temperature also play an important246

role in influencing cloud optical depth. Dynamical influences such as vertical updraft ve-247

locity and wind shear are examples of local dynamical variables that can impact cloud248

optical depth variations. One way to account for the influence of local dynamical con-249

ditions is to employ the cloud regime (CR) approach for classifying grid cell cloudiness.250

First coined “weather states” [Jakob and Tselioudis, 2003; Rossow et al., 2005], these251

cloud classes were first derived using k-means clustering on ISCCP observations to group252

clouds by their optical depth and CTP covariations. The development of other CRs fol-253

lowed [Gordon et al., 2005; Tan et al., 2013; Mason et al., 2014; Oreopoulos et al., 2014].254

We apply the decomposition method to the MODIS cold-CRs to determine the ex-255

tent to which cloud optical depth variations with temperature are influenced by the dy-256

namical state of the atmosphere. For a detailed description of the original derivation of257

the MODIS regimes, the reader is referred to Oreopoulos et al. [2014]. Although cloud258

regimes were derived using k-means clustering applied to 12 years (December 2002 to259

November 2014) of global daily, level 3, gridded (1◦) CTP-τ histograms from both MODIS260

onboard Aqua and Terra [Oreopoulos et al., 2016], only cloud regime occurrences from261

MODIS onboard Aqua were used in our analysis consistently with the remaining anal-262

ysis in this paper. Of the CRs of [Oreopoulos et al., 2016], only CRs 2 to 6 and 12 were263

considered in the analysis. CRs 2 to 6 are either dominated by the ice phase or contain264

substantial amounts of ice, while CR 12 contains no characteristic cloud types, but rather265

consists of cloud types found at different latitudes with small cloud fraction. Although266

CR 1 contains a large amount of ice clouds, cloud occurrences were too infrequent to ap-267

ply the decomposition method. For presentation purposes, the decomposition method268

was applied to groups of CRs that were similar as follows: CRs 2 and 3 are mostly com-269
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279

280

prised of optically thick high clouds generated by tropical and frontal convection, and 

CRs 4 to 6 are mostly mid-level clouds generated in the storm tracks.

The ability of the CRs to group clouds by the uniqueness of their meteorological 

environment is supported by their distinctness in large-scale vertical velocity at 500 hPa 

(ω500) from MERRA-2 Reanalysis, as shown by Figure 3 in Oreopoulos et al. [2016]. Sta-

tistical values of ω500 for CRs 2–6 and 12 used in our analysis are substantially differ-

ent from one another, with some of the CRs having lower mean and median values clear-

ing the lower quartile for the CRs having the higher mean and median values. CR12 is 

in a category of its own with a negative ω500 value, signifying that it primarily occurs 

in regions of descending motion. Since large-scale vertical velocity even by itself is a dif-

ferentiator of dynamical conditions, we may conclude that CRs 2–6 and 12 considered 

in our study occur in sufficiently different dynamical regimes.281

The contributions of thermodynamic phase shifts to d ln τ
dT resulting from applica-282

tion of the decomposition method to the MODIS Aqua cold-cloud regimes are shown in283

Figure 2. When regressions were performed on data for individual cloud regimes, the cor-284

relation coefficients were higher (∼0.4 or greater) than in our previous analysis that did285

not discriminate for different cloud classes. The results suggest that despite categoriz-286

ing the cloud types by similarity in dynamical conditions, patterns of cloud optical depth287

variations with temperature largely remain unchanged. The fact that contributions of288

thermodynamic phase shifts to d ln τ
dT are largely independent of CR implies that ther-289

modynamic influences on d ln τ
dT outweigh dynamical influences.290

3.3 Seasonality of Cloud Optical Depth Variations due to Thermody-295

namic Phase Shifts296

In this section, the impact of thermodynamic phase shifts on d ln τ
dT is examined in297

the subtropics and midlatitudes as a function of season. The tropics have been excluded298

from the analysis due to much smaller seasonal variations in temperature. This is worth299

investigating because the altitude-temperature relationship varies with season. For this300

analysis, data from September 1, 2002 to Dec. 31, 2017 were used. The first row of Fig-301

ure 3 shows d ln τ
dT due to thermodynamic phase shifts in both hemispheres.302

Within a certain temperature range, the contribution of thermodynamic phase shifts312

to increases in cloud optical depth with temperature tends to be largest in winter and313
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Figure 2. The contributions of thermodynamic phase shifts to cloud optical depth variations

with temperature over (a) mid-latitude land, (b) mid-latitude ocean, (c) subtropical land, (d)

subtropical ocean, (e) tropical land and (f) tropical ocean applied to 4 CR groups with large

proportions of ice.

291

292

293

294

decreases with warmer seasonal temperatures over both land and ocean in both hemi-314

spheres. To better understand the observed pattern, we plot the subterms ln τi− ln τl315

and dki
dT (second and third rows of Figure 3, respectively).316

Inspection of these two subterms reveals an interesting behaviour — dki
dT determines317

the peak contribution of the phase shift term, while ln τi−ln τl determines its relative318

magnitude. This suggests that the seasonal strength of thermodynamic phase shifts is319

determined mainly by the average optical depth difference between ice and liquid clouds,320

and the temperature at which the largest shift occurs is determined by the peak rate at321

which this difference in τ is created. The explanation for why dki
dT is consistently neg-322

–12–



NH Land

-40 -30 -20 -10 0
T (°C)

0.00
0.02
0.04
0.06
0.08
0.10

dl
nτ

/d
T

Winter Spring Summer Autumn

NH Land

-40 -30 -20 -10 0
T (°C)

-2.0
-1.5
-1.0
-0.5
0.0

ln
τ i - 

ln
τ l

NH Land

-40 -30 -20 -10 0
T (°C)

-0.08
-0.06
-0.04
-0.02
0.00

dk
i/d

T

NH Ocean

-40 -30 -20 -10 0
T (°C)

0.00
0.02
0.04
0.06
0.08
0.10

dl
nτ

/d
T

Winter Spring Summer Autumn

NH Ocean

-40 -30 -20 -10 0
T (°C)

-2.0
-1.5
-1.0
-0.5
0.0

ln
τ i - 

ln
τ l

NH Ocean

-40 -30 -20 -10 0
T (°C)

-0.08
-0.06
-0.04
-0.02
0.00

dk
i/d

T

SH Land

-40 -30 -20 -10 0
T (°C)

0.00
0.02
0.04
0.06
0.08
0.10

dl
nτ

/d
T

Winter Spring Summer Autumn

SH Land

-40 -30 -20 -10 0
T (°C)

-2.0
-1.5
-1.0
-0.5
0.0

ln
τ i - 

ln
τ l

SH Land

-40 -30 -20 -10 0
T (°C)

-0.08
-0.06
-0.04
-0.02
0.00

dk
i/d

T

SH Ocean

-40 -30 -20 -10 0
T (°C)

0.00
0.02
0.04
0.06
0.08
0.10

dl
nτ

/d
T

Winter Spring Summer Autumn

SH Ocean

-40 -30 -20 -10 0
T (°C)

-2.0
-1.5
-1.0
-0.5
0.0

ln
τ i - 

ln
τ l

SH Ocean

-40 -30 -20 -10 0
T (°C)

-0.08
-0.06
-0.04
-0.02
0.00

dk
i/d

T

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

Figure 3. The contribution of thermodynamic phase shifts to cloud optical depth variations

with temperature as a function of temperature in the 25◦N to 55◦N latitude band broken down

by season over (a) land and (d) ocean in the Northern Hemisphere and (g) land and (h) ocean

in the Southern Hemisphere. The two terms, ln τi − ln τl and dki
dT

that when multiplied yield

the thermodynamic phase shift term are shown for the corresponding regions in each column in

the second and third row, respectively. Winter (for NH: December, January, February; for SH:

June, July, August), spring (for NH: March, April, May; for SH: September, October, November),

summer (for NH: June, July, August; for SH: December, January, February) and fall (for NH:

September, October, November; for SH: March, April, May).
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311

ative is well-known — the likelihood that ice crystals occur along with supercooled liq-323

uid droplets increases as temperature decreases (e.g. Pruppacher and Klett [1997]; Mur-324

ray et al. [2012] and as observed by satellite instruments [Hu et al., 2010; McCoy et al.,325

2014b; Tan et al., 2014]). Negative ln τi−ln τl values are consistent with the cloud phase326

feedback. In other words, ice-to-liquid transitions in the cloud phase feedback result in327

τi<τl because extinction is smaller for ice compared to liquid clouds for a given water328

content. It generally appears that ln τi−ln τl is most negative in boreal and austral win-329

ter, and is followed by autumn, spring and summer.330

One may speculate that the seasonal and hemispheric differences in dki
dT and ln τi−331

ln τl within the fixed temperature ranges shown in Figure 3 may be related to the com-332

peting role of ice-nucleating particles (INPs) and cloud condensation nuclei (CCN) in333

determining cloud phase partitioning and therefore τ of mixed-phase clouds. If a short-334

term cloud phase feedback indeed plays a role in the observed patterns, then more pos-335

itive contributions of thermodynamic phase shifts to d ln τ
dT would be expected if more ice336

in clouds is available for ice-to-liquid transitions, for example, through the enhanced avail-337
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ability of INPs relative to CCN. Clouds of the same CTT are closer to the surface in the 

winter and consequently their chances of being exposed to relative rare INPs [Murray

et al., 2012] increase. We hypothesize that greater exposure to INPs creates more ice clouds 

at temperatures where they would otherwise be supercooled, thus increasing the like-

lihood for ice-to-liquid transitions, and therefore a larger phase shift term. We note that 

the peak in dki occurs at lower temperatures in the Southern Hemisphere, which includes

dT

the Southern Ocean region. This is consistent with the previous studies that have shown 

that the Southern Ocean is abundant in supercooled liquid clouds and relatively INP-

free [Tan et al., 2014; Bodas-Salcedo et al., 2016; Vergara-Temprado et al., 2018]. How-

ever, we note that the concentration, types and altitude of occurrence of INPs and CCN 

differ markedly between the Southern and Northern Hemispheres [Andreae and Rosen-

feld , 2008; Atkinson et al., 2013; Cziczo et al., 2013; Tan et al., 2014; Wilson et al., 2015; 

McCoy et al., 2015; DeMott et al., 2016; Vergara-Temprado et al., 2018], and that although 

our general knowledge of the impact of aerosols on mixed-phase clouds has greatly im-

proved over time with the availability of improved observations, aerosol effects on mixed-

phase clouds still remain uncertain [Storelvmo, 2017]. This uncertainty currently pre-

cludes a conclusive explanation for the observed patterns in Figure 3.

4 Discussion and Conclusions

This study introduces a novel method to decompose spatiotemporal cloud optical 

depth variations with temperature into contributions from thermodynamic phase shifts 

and processes exclusive to liquid and ice clouds using observations of liquid and ice cloud 

optical depth retrieved by MODIS onboard the Aqua satellite. The focus of this study

is on thermodynamic phase shifts and therefore accounts for all clouds as long as they 

exhibit moderate subgrid cloud top variations within ∼100 km scales. This contrasts with 

previous studies that have considered only low, mostly liquid-containing clouds, where 

thermodynamic phase shifts are limited [Tselioudis et al., 1992, 1998; DelGenio and Wolf , 

2000; Gordon and Klein, 2014; Terai et al., 2016].

The main conclusions of this study are threefold. The first main conclusion is that 

the decomposition method suggests that increases in τ with CTT in the mid-latitudes

(35◦ to 55◦) are due to thermodynamic phase shifts and that processes exclusive to liq-

uid and ice clouds act to either decrease or slightly increase τ with CTT. This finding 

suggests that the increase in d ln τ potentially arising from increases in adiabatic water
369
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content in the mid-latitudes in low-clouds [Tselioudis et al., 1992; Gordon and Klein, 2014;370

Terai et al., 2016] either does not extend to all clouds or is outweighed by other processes371

operating in liquid clouds. The second main conclusion is that dynamical conditions do372

not appear to be of primary importance for thermodynamic phase shifts to d ln τ
dT . This373

conclusion is drawn from the fact that the general pattern of the contribution of the phase374

shift term remained similar regardless of CR. The third main conclusion is that the con-375

tribution of thermodynamic phase shifts to d ln τ
dT is larger during colder seasons. At what376

temperature range the maximum contribution of the phase shift term occurs is deter-377

mined by the rate of change of the occurrence of ice clouds with temperature. The largest378

contribution of the phase shift term generally occurs during winter because it contains379

liquid clouds that are optically thicker than ice clouds on average within a fixed temper-380

ature range. This is consistent with the cloud phase feedback and we hypothesize that381

if a higher proportion of ice clouds is made available due to closer proximity to surface382

sources of INPs for a given temperature during the colder seasons, then the potential for383

ice-to-liquid transitions is enhanced, which would lead to a positive d ln τ
dT derivative in384

a fixed temperature range.385

Although the method presented here is able to determine the contribution of ther-386

modynamic phase shifts to cold cloud optical depth variations with temperature, the main387

limitation of this study is its inability to account for the influence of geometrical thick-388

ness variations on τ variations due to the unavailability of such information from a pas-389

sive instrument such as MODIS. Cloud physical thickness was shown to play an impor-390

tant role in determining how τ varies with temperature in modelling studies [Tselioudis391

et al., 1998; Gordon and Klein, 2014] and in a study using active ground-based obser-392

vations in the Southern Great Plains [DelGenio and Wolf , 2000]. Another limitation of393

this study is that MODIS’s cloud phase retrievals tend to be cloud-top biased and it may394

therefore be missing occurrences of low liquid clouds underlying high ice clouds, thus mak-395

ing phase assignment ambiguous in those cases.396

Ultimately, the goal is to determine the role of thermodynamic phase shifts in the397

long-term cloud optical depth feedback that occurs in response to global warming. Un-398

fortunately, the relatively short current record from satellite observations precludes a di-399

rect calculation of the long-term cloud optical depth feedback and thus the findings of400

this study may not directly relate to the cloud optical depth feedback problem, although401

it may serve as an emergent constraint. An essential part of future work should focus402
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on determining how cloud optical depth variations with cloud-top temperature relate to403

changes in surface-temperature.404
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