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Abstract14

Climate feedbacks from changes in the diurnal cycle of clouds have received limited attention. However,15

recent storm-resolving aquaplanet simulations predict a partial shift of tropical deep convection from16

daytime to nighttime in response to surface warming, producing a positive feedback of similar magnitude17

as other cloud feedbacks. Here, we use satellite observations of ice water path to test whether such a18

feedback exists. We use the internal variability within 24 years of observations to regress the diurnal19

cycle of cloud fraction against surface temperature. We find that clouds produced by deep convection20

partly shift from daytime to nighttime with increasing surface temperature, over both land and ocean.21

This increases the amount of solar radiation absorbed by the surface and hence constitutes a positive22

climate feedback. We derive a global feedback value of 0.12 ± 0.02 W m
−2

K
−1 for this diurnal-cycle23

feedback, which adds to previous estimates of the cloud feedback, implying a higher climate sensitivity.24
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1 Introduction26

Understanding how clouds will amplify or dampen global warming remains a key challenge for narrowing27

down uncertainty in climate sensitivity. Among all climate feedbacks, the cloud feedback is most uncertain28

[1], which has motivated numerous studies on this aspect of climate change [2–6]. However, those studies do29

not include changes in the diurnal cycle of clouds, despite their potential to create a substantial feedback30

[7, 8]. If clouds shift from daytime to nighttime (or vice versa), this will decrease (increase) the amount of31

reflected solar radiation and hence amplify (dampen) surface warming.32

One reason for the lack of studies targeting the feedback from changes in the diurnal cycle of clouds might33

be that the conventional framework for analysing the cloud feedback does not account for it. The typical34

decomposition of the cloud feedback only takes changes in mean cloud quantities into account, like altitude,35

optical depth or cloud amount [1, 2]. This decomposition is usually done with cloud radiative kernels, which36

allow for separating changes in cloud properties from changes in the clear-sky atmosphere [9, 10]. However,37

cloud radiative kernels assume that clouds do not have a diurnal cycle. This makes it impossible to use them38

for detecting a feedback from changes in the diurnal cycle of clouds.39

Another reason why changes in the diurnal cycle of clouds have received limited attention may be that40

suitable models for studying them only became available recently. The widely used Global Circulation Models41

(GCMs) are not ready for this task, since they rely on parameterisations of convection, which produce an42

unrealistic diurnal cycle [11, 12]. This limitation was overcome recently by the development of Global Storm-43

Resolving Models (GSRMs) that resolve convection explicitly, which leads to a correct representation of the44

diurnal cycle of convection [13–15].45

Recent aquaplanet simulations with a GSRM predict that some of the tropical clouds produced by deep46

convection shift from daytime to nighttime in response to surface warming, which produces a positive feedback47

in these simulations [16]. The shift from daytime to nighttime is greatest for the thickest clouds with an ice48

water path (I) of I ≥ 1 kgm−2, referred to as deep convective clouds, but also affects thick anvil clouds with49

1 kgm−2 > I ≥ 0.1 kgm−2. The resulting feedback diagnosed from the GSRM simulations scaled to a global50

value is 0.1 W m−2 K−1 for a uniform surface warming of 2 K and 0.05 W m−2 K−1 for a 4 K warming.51

This would enhance the total cloud feedback of 0.45 ± 0.33 W m−2 K−1 [2] by ten to twenty percent.52

The change in the diurnal cycle of deep convection found in the aquaplanet simulations needs to be53

tested with observations to assess its realism and whether it also applies over land. The diurnal cycle of54

deep convection is more pronounced over land, where surface heating produces a strong afternoon peak of55

deep convection, whereas deep convection over the ocean peaks in the early morning hours due to enhanced56

radiative cooling of the atmosphere at nighttime [17–19].57

In this study, we use internal variability within satellite observations of I and two-meter temperature to58

test whether the positive feedback from changes in the diurnal cycle of tropical deep convection exists in the59

real world. We find that this is the case, with a partial shift of the deep convection from daytime to nighttime60

in response to surface warming. This is true over land and ocean, despite large land-ocean differences in the61

mean diurnal cycle. The change in the diurnal cycle of tropical deep convection and the resulting feedback62

is stronger in the observations than in the aquaplanet simulations.63

2 Identifying Clouds Produced by Deep Convection64

We use I as a measure for cloud thickness to distinguish different types of tropical high clouds. This I-65

perspective has proven to be a valuable framework for analysing the high-cloud feedback [16, 20–22]. We66

define deep convective clouds as I > 1 kg m−2 in agreement with earlier studies [16, 23]. While deep67

convective clouds have the closest link to deep convection, thick anvil clouds detrained from them might68

also feel changes in the diurnal cycle of deep convection and contribute to the total feedback. Therefore, we69

include all clouds with I > 0.1 kg m−2 in our feedback estimate (Sec. 5).70

Our analysis is based on the Chalmers Cloud Ice Climatology (CCIC) [24, 25], which uses machine71

learning to retrieve I from brightness temperature (Tb) measurements. The CCIC dataset has a horizontal72

grid spacing of 0.036°, a 30 minute timestep and is available for the 2000 to 2024 period. We cannot use direct73

satellite observations of I, since they are only available from sun-synchronous satellites [26, 27], and hence74

do not capture the diurnal cycle. To test the robustness of our results, we also use the Tb measurements75

[28, 29] CCIC is based on to assess changes in the diurnal cycle of deep convective clouds. We constrain our76

analysis to the tropics (30°S to 30°N).77

We establish comparability between measurements of I and Tb by making use of the fact that clouds78

with the highest I usually also have the coldest Tb. To derive thresholds in Tb that correspond to the I79
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Fig. 1 Brightness temperature Tb and corresponding ice water path I of a mesoscale convective system. Contour lines mark
the threshold for deep convective clouds (solid) and thick anvils (dashed).

thresholds, we require the area (A) covered by clouds thicker than a given I0 to match the area covered by80

clouds colder than the corresponding Tb,0:81

A(I > I0) = A(Tb < Tb,0). (1)

This yields a near-linear relationship of Tb and log10 I (Fig. S1) and suggests Tb < 231 K for deep convective82

clouds and Tb < 261 K for all clouds contributing to the feedback.83

For an example mesoscale convective system, similar clouds are identified as deep convective clouds84

regardless of whether Tb or I are used (Fig. 1). The cloud area identified via Tb is slightly larger than the85

cloud area from I. This is possible because the area constraint in Eq. 1 used to derive the relationship of Tb86

and I is required to hold on average over the whole observation period, and will not hold for every individual87

scene. The cloud field appears smoother in I than in Tb. This is a consequence of the machine learning88

algorithm using the spatial structure of Tb to infer I, which causes the effective resolution of I to be lower89

than the resolution of Tb [24].90

3 Diurnal Cycle of Deep Convection91

We use the cloud fraction of deep convective clouds (fd) to analyse the diurnal cycle of deep convection. To92

this end, we calculate fd as a function of local time for areas over land, ocean, and the whole tropics by93

applying the I threshold defined for deep convective clouds (See Methods). The total area fraction covered94

by deep convective clouds can be derived by summing up fd over local time, which yields 0.040 over land95

and 0.032 over ocean.96

As expected [30], the diurnal cycle of deep convection is much stronger over land than over ocean (Fig.97

2). While deep convection over land has a pronounced peak at 17:30 local time, deep convection over ocean98

peaks at 5:30 and 14:30. The strong afternoon peak of convection over land is known to be driven by solar99

surface heating. [31, 32]. Absorbed solar radiation is causing surface temperatures to increase throughout100

the day, building up atmospheric instability that is consumed by convection in the late afternoon. Since the101

variability of surface temperature is smaller over ocean than over land, the diurnal cycle is less pronounced102

and mostly driven by radiative fluxes [17, 19].103
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Fig. 2 Mean deep convective cloud fraction (fd) plotted against local time for the entire tropics (All) and for deep convective
clouds over land and ocean.

4 Reduction of Daytime Deep Convection104

We assess the change in fd in response to surface warming by regressing detrended and deseasonalized105

timeseries of fd against the corresponding two-meter temperature (T ) from ERA5 [33]. We normalise fd at106

each timestep to exclude changes that are uniform across the day. Therefore, changes in fd only account for107

a shift of the diurnal cycle and add up to zero (see Methods).108

Deep convective clouds occur less during the day and more during the night in response to surface109

warming, confirming the result from GSRM aquaplanet experiments [16] (Fig. 3a). This finding is robust,110

regardless of whether I or Tb are used to identify deep convective clouds. While the response of the diurnal111

cycle of fd is similar in the GSRM and observations, the signal is larger in the observations. In the GSRM,112

the maximum decrease of fd is −1.7 % K−1 at 13:30 local time, while it is −3.5 % K−1 at 13:30 for the I113

estimate and −5 % K−1 at 15:30 for the Tb estimate. One possible reason for the more pronounced change in114

the diurnal cycle diagnosed from Tb compared to the change diagnosed from I is the lower effective resolution115

of I (Sec. 2).116

Changes in the diurnal cycle of deep convective clouds arise because the response of fd to surface warming117

depends on local time. This becomes clear when we do not normalise fd before regressing it against T ,118

which reveals that deep convective clouds overall decrease, but more so during the day (Fig. S2). The overall119

decrease and the change in the diurnal cycle are of similar magnitude. Previous studies focusing on the120

change in high cloud amount, which includes deep convective clouds, missed the diurnal-cycle feedback since121
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Fig. 3 (a) Change of the diurnal cycle of deep convective cloud fraction (fd) with two-meter temperature T in the tropics
diagnosed from brightness temperatures (Tb) and ice water path (I) and from 4 K warming run of the GSRM aquaplanet
simulations [16]. (b) Change of the diurnal cycle of fd with T partitioned into land and ocean areas diagnosed from I. Shading
marks the standard error of the linear regression.
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they only diagnosed the overall change in high cloud amount, and not how this decrease varies across the122

day [4, 20, 34, 35].123

The change in the diurnal cycle of deep convective clouds in response to surface warming is similar over124

land and ocean (Fig. 3b). This similarity is surprising, given the vast differences in the mean diurnal cycle125

(Fig. 2) and points towards a shared driving mechanism that is independent of the surface type. It was126

speculated that a higher magnitude of cloud radiative heating in response to surface warming might drive127

the change in the diurnal cycle of deep convection [16], but tailored mechanism-denial simulations will be128

necessary to test this hypothesis.129

5 Positive Diurnal-Cycle Feedback130

Changes in the diurnal cycle of clouds only affect the shortwave part of the radiative balance, not the longwave131

part. The incoming shortwave radiation at the top of the atmosphere has a strong diurnal cycle, while the132

upwelling longwave radiation in clear-sky regions is almost constant in comparison (Fig. S3). Therefore, it is133

crucial at which local time a cloud occurs for the shortwave part of the radiative balance, while it is negligible134

for the longwave part. If clouds shift from daytime to nighttime in response to surface warming, more solar135

radiation is absorbed by the surface, which amplifies surface warming (Fig. 4).136

Fig. 4 Schematic of the diurnal-cycle feedback. Red arrows represent the longwave radiative flux, yellow arrows represent the
shortwave radiative flux. The upper row shows the control climate, while the bottom row shows a warmer climate.

To estimate the feedback from a reduction of daytime deep convection, we resolve cloud fraction f by137

cloud thickness measured by I to analyse how clouds with different thicknesses contribute to the total138

feedback. We include all clouds with I > 0.1 kg m−2 in our feedback estimate. Thinner clouds within this139

range might not be directly produced by deep convection, but still feel changes in the diurnal cycle of deep140

convection. As clouds become thinner than I = 0.1 kg m−2, their albedo drops significantly (Fig. S4), hence141

they will not substantially contribute to the feedback.142

We estimate the diurnal-cycle feedback (λ) by calculating the change in reflected solar radiation (R)143

caused by a change in the diurnal cycle of f . To this end, we approximate R as144

R(l, I) = S(l) · αcl(l, I) · f(l, I) + S(l) · αcs · [1 − f(l, I)], (2)

where αcl is the cloud albedo, αcs is the clear-sky albedo, S is the incoming solar radiation and l local time.145

The diurnal-cycle feedback λ is calculated as the change in R with T due to changes in the diurnal cycle of146

5



6 12 18
Local Time / h

10 1

100

101

I /
 k

g 
m

2

a

6 12 18
Local Time / h

b

6 12 18
Local Time / h

c

6 12 18
Local Time / h

d

0.00 0.24

I
  / W m 2 K 1

e

6 0 6
df

f dT  / % K 1
0.00000 0.00025 0.00050

f
7 0 7

df
dT  / K 1 1e 6

0.006 0.000 0.006
 / W m 2 K 1
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f and is defined as negative for increasing reflected radiation:147

λ(l, I) = −
dR

dT
(l, I) = −S(l)

df

dT
(l, I) · [αcl(l, I) − αcs] . (3)

We calculate αcl(l, I) and S from GSRM data (see Methods) and assume αcs = 0.1. The change in the148

diurnal cycle of f with surface warming is derived from a linear regression of f(l, I) against T in every (l, I)149

bin. Again, trends in f(l, I) that are uniform across the day are excluded by normalising f(l, I) for every150

timestep (see Methods). Since S is zero during the night, λ will also be zero at night.151

Clouds of all considered thicknesses occur less during the day and more during the night in response to152

surface warming (Fig. 5a). This signal is statistically significant for all clouds and strongest for the thickest153

clouds. The absolute change in f is derived by multiplying the relative change in f (Fig. 5a) with the mean154

f (Fig. 5b). Since clouds become less frequent the thicker they are, the absolute change in f is small for155

thick clouds (Fig. 5c).156

Clouds around I = 1 kg m−2 contribute most to the positive feedback from the diurnal cycle change157

of deep convection (Fig. 5d). Thicker clouds are too few to produce a substantial λ, and as clouds become158

thinner than I = 1 kg m−2 their albedo starts to decrease (Fig. S4), which limits their ability to contribute159

to λ. That the majority of λ stems from clouds around I = 1 kg m−2 also becomes visible in the cumulative160

sum of λ over I, which has the largest slope at I = 1 kg m−2.161

The diurnal-cycle feedback is positive and of the same order of magnitude as other cloud feedbacks. We162

derive λ = 0.24±0.04 W m−2 K−1, with the error estimate being derived from bootstrapping (see Methods).163

This is higher than the first estimates of the diurnal-cycle feedback from GSRM aquaplanet simulations [22],164

which yield λ = 0.2 W m−2 K−1 for a 2 K surface warming and λ = 0.1 W m−2 K−1 for a 4 K surface165

warming. We scale our observational estimate of the diurnal-cycle feedback in the tropics to a global mean166

feedback by dividing the feedback value by two, since the tropics cover only half of the Earth’s surface. The167

global mean diurnal-cycle feedback of λ = 0.12 ± 0.02 W m−2 K−1 is of comparable magnitude to other168

cloud feedbacks, which range from 0.08 W m−2 K−1 to 0.25 W m−2 K−1 [2].169

While internal variability within observations confirms the positive diurnal-cycle feedback found in ide-170

alised simulations, some questions remain open. It remains unclear whether the diurnal-cycle feedback171

diagnosed from internal variability is similar to the feedback acting on the long-term warming trend. Inter-172

nal variability has been used before to assess the response of tropical high clouds to surface warming [36, 37]173

and to constrain high-cloud feedbacks [34], but the similarity of the high-cloud response to warming from174

internal variability and the long-term trend has not yet been tested. A second open question is how the diur-175

nal cycle of deep convection is impacted by CO2 radiative forcing. If the mechanism causing the reduction176

of daytime deep convection depends on cloud radiative heating as hypothesised in [16], it might be impacted177

by CO2 directly.178
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6 Conclusion179

The diurnal cycle of tropical deep convection changes in response to surface warming, with deep convection180

occurring less during the day and more during the night. We confirm this finding from GSRM aquaplanet181

simulations [16] by using the internal variability within satellite observations of ice water path. The response182

of the diurnal cycle of deep convection to surface warming is similar in the simulations and observations, but183

the magnitude of the response is about twice as large in the observations.184

The change in the diurnal cycle of deep convection is remarkably similar over land and ocean, despite the185

mean diurnal cycle being much more pronounced over land. That daytime deep convection reduces similarly186

over land and ocean points towards a shared mechanism that is independent of the surface type. One proposed187

explanation is that a higher magnitude of cloud radiative heating in response to surface warming could alter188

the diurnal cycle of deep convection [16]. However, targeted mechanism-denial simulations are required to189

test this hypothesis.190

The change in the diurnal cycle of clouds produced by deep convection results in a positive climate191

feedback that adds to previous assessments of the cloud feedback [1–6], implying a higher climate sensitivity.192

Deep convective clouds and thick anvils reduce during the day, causing more solar radiation to be absorbed193

by the surface, which amplifies surface warming. Previous studies targeting the feedback from tropical high194

clouds were not capturing this feedback because the diurnal cycle was averaged out in their analyses [4, 20,195

34, 35].196

This study is one example of why it is necessary and timely to take climate science beyond the analysis197

of the mean state [38]. It is timely because tools like machine learning and higher computational power198

enable datasets like CCIC [24, 25] and high-resolution simulations, which allow us to identify single deep199

convective cells and their diurnal cycle. It is necessary because otherwise important climate phenomena like200

the diurnal-cycle feedback would remain buried in the mean.201

7 Methods202

Our method is independent of whether I or Tb are used for identifying deep convective clouds. For simplicity,203

we only use I throughout the remainder of the methods section.204

7.1 Histograms and Cloud Fraction205

At the heart of our analysis are histograms of I with three dimensions: local time in hours (l), I in kg m−2
206

and time (t) in months. For every month, we count the number of occurrences (N) within every I and l207

bin from the original I data, which has a 30-minute timestep and 0.036° horizontal grid spacing. The 3D208

histograms are calculated for the entire tropics (30°S to 30°N), as well as for tropical ocean and land areas209

separately.210

We derive cloud fractions (f) averaged over the respective region from the histograms by division:211

f(t, l, I) =
N(t, l, I)

∑24

l=0

∑
∞

I=0 N(t, l, I)
. (4)

f should be interpreted as the area fraction covered by clouds within the respective (l, I) bin for a given212

month. The fraction of deep convective clouds (fd) with I > 1 kg m−2 for each local time is then calculated213

as214

fd(t, l) =

∞∑

I=1

f(t, l, I). (5)

The total fd is given by215

fd(t) =

24∑

l=0

fd(t, l), (6)

which should be interpreted as the cloud fraction with I > 1 kg m−2 in the given month.216

We neglect the dependence of grid cell area on the latitude in our calculation of N and hence also f .217

The I data is on a regular latitude longitude grid, so the grid cell area will decrease with cos(ϕ), where ϕ is218

latitude. For our calculation of N(t, l, I), we simply count the number of occurrences within every bin, without219

accounting for the varying grid cell area by weighting with cos(ϕ). Implementing such an area weighting220

7



would complicate the calculation of N(t, l, I) substantially. We regard this simplification as justified, since221

cos ϕ only varies from 0.87 to 1 within 30°S to 30°N.222

7.2 Regression223

As the predictor for changes in f , we use the two-meter temperature (T ) from ERA5 [33], which is area-224

weighted and averaged over the entire tropics, as well as over tropical land and tropical oceans separately.225

Since f has a monthly timestep, we use monthly means of T . The regression works the same for the 3D226

f(t, l, I) and the 2D fd(t, l). For simplicity, we only show equations for f(t, l, I).227

To isolate changes in the diurnal cycle of f from changes in f that are uniform across the diurnal cycle,228

we normalise cloud fractions with respect to local time, which we denote as f̄ :229

f̄(t, l, I) =
f(t, l, I)

∑24

l=0 f(t, l, I)
(7)

This ensures that
∑24

l=0 f̄I=x = 1 for every timestep, where f̄I=x denotes the normalised cloud fraction at230

any I.231

We detrend and deseasonalize f̄ and T along the time dimension to isolate only El-Niño-driven internal232

variability (Fig. S5). To detrend the data, we subtract the linear trend over time. To deseasonalize the data,233

we subtract the mean annual cycle. The resulting timeseries of f̄ and T are used to calculate their linear234

regression within every (l, I) bin. The slope (s) derived from the linear regression is used to calculate the235

relative change in the diurnal cycle of f as236

df

fdT
(l, I) =

s(l, I)

⟨f̄(t, l, I)⟩
· 100%, (8)

where ⟨·⟩ denotes the temporal mean over the whole timeseries.237

7.3 Feedback238

We calculate the diurnal-cycle feedback (λ) from clouds with I > 0.1 kg m−2 with Eq. 3. The cloud albedo239

(αcl) used in Eq. 3 is calculated from the radiative fluxes of the GSRM aquaplanet control simulation240

described in [16] using the method from [22]. That means αcl is calculated from the all-sky albedo αas = Ras/S241

with Ras being the reflected all-sky SW flux at the top of the atmosphere (TOA) and the clear-sky albedo242

αcs = Rcs/S with Rcs being the reflected clear-sky SW flux at TOA:243

αcl =
αas − αcs

1 + αcs(αas − 2)
.

We bin αcl by I and l to calculate the mean αcl(l, I) (Fig. S4).244

The incoming solar radiation is also diagnosed from the aquaplanet GSRM simulations (Fig. S3). We245

use one day (2021-07-02) of the coupled ICON-C4 simulation described in [39] to calculate the upwelling246

longwave radiation in tropical clear-sky regions (Fig. S3). While this quantity is not necessary to calculate247

λ, we use it to argue why λ only acts in the shortwave spectrum (Sec. 5).248

The total λ is calculated as249

λ =

24∑

l=0

∞∑

I=0.1

λ(l, I). (9)

7.4 Bootstrapping250

We estimate the uncertainty in λ using block bootstrapping applied to the linear regression between f and251

T . To account for the autocorrelation in T , which persists for up to three years (Fig. S5), we randomly252

sample three-year segments from the time series. We draw eight blocks to closely match the length (n)253

of the bootstrap and original time series. The starting indices ik, k = 1, . . . , 8, are randomly drawn from254

{0, 1, . . . , n− 36} without replacement. The bootstrapped time series are defined as255

Tbs(t) = {T (tik , . . . , tik+36)} , (10)

8



fbs(t, l, I) = {f(tik , . . . , tik+36, l, I)} . (11)

The bootstrapped time series Tbs(t) and fbs(t, l, I) are then used to recompute df/fdT (l, I) via linear256

regression (Eq. 8), from which λ is calculated using Eq. 3. We calculate the mean and standard deviation of257

λ from 2000 bootstrap samples, which is the sample size for which λ converges (Fig. S6).258
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Löhnert, U., Macke, A., Madenach, N., Mayer, B., Nam, C., Naumann, A.K., Peters, K., Poll, S., Quaas,335
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