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Abstract

Cloud radiative effects (CRE) have well documented impacts on mean climate, and have recently been found to play a key

role in climate variability in the tropics. Here we probe the role of CRE in surface temperature variability in the Northern

Hemisphere (NH). We compare output from two climate simulations: one in which clouds are coupled to the atmospheric

circulation and another in which they are decoupled from the flow. Cloud-circulation coupling leads to widespread increases

in NH surface temperature variability, particularly over the oceans and on decadal timescales. Notably, it leads to substantial

increases in decadal temperature variability averaged over the North Atlantic and North Pacific basins. The increases derive

from the ‘reddening’ of surface temperature variability by cloud shortwave radiative effects. The results have implications for

the interpretation of observed decadal variability, and the importance of cloud-circulation coupling for simulations of decadal

variability in climate models.
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Key Points: 11 

• Coupling between clouds and the atmospheric circulation has a pronounced effect on 12 

Northern Hemisphere surface temperature variability 13 

• Coupling leads to notable increases in multiannual to decadal temperature variability in 14 

the North Pacific and North Atlantic oceans. 15 

• Increases in surface temperature variability derive primarily from the ‘reddening’ of 16 

variability by cloud shortwave radiative effects. 17 
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Abstract 19 

Cloud radiative effects (CRE) have well documented impacts on mean climate, and have recently 20 

been found to play a key role in climate variability in the tropics. Here we probe the role of CRE 21 

in surface temperature variability in the Northern Hemisphere (NH). We compare output from 22 

two climate simulations: one in which clouds are coupled to the atmospheric circulation and 23 

another in which they are decoupled from the flow. Cloud-circulation coupling leads to 24 

widespread increases in NH surface temperature variability, particularly over the oceans and on 25 

decadal timescales. Notably, it leads to substantial increases in decadal temperature variability  26 

averaged over the North Atlantic and North Pacific basins. The increases derive from the 27 

‘reddening’ of surface temperature variability by cloud shortwave radiative effects. The results 28 

have implications for the interpretation of observed decadal variability, and the importance of 29 

cloud-circulation coupling for simulations of decadal variability in climate models. 30 

Plain Language Summary 31 

Clouds play a key role in Earth’s climate but their role in climate variability remains unclear, 32 

particularly in the extratropics. Here we probe output from climate simulations to demonstrate 33 

that coupling between the atmospheric circulation and clouds has a marked influence on surface 34 

temperature variability in the Northern Hemisphere. Coupling between clouds and the circulation 35 

leads to widespread increases in surface temperature variability, including increases of ~25-45% 36 

in the amplitude of multiannual to decadal variability in temperatures averaged over the North 37 

Atlantic and North Pacific basins. The results suggest that a notable fraction of the observed 38 

decadal variability may derive from cloud processes. 39 

 40 

1 Introduction 41 

 Clouds and their radiative effects play an essential role in governing the mean climate 42 

(e.g., Stephens et al., 2012 and references therein). They give rise to some of the most important 43 

- and most uncertain -  feedbacks under climate change (e.g., Bony & Dufresne, 2005; Zelinka et 44 

al., 2010; Bony et al., 2015; Sherwood et al., 2020 and references therein), they play an 45 

important role in the dynamical response to climate change (e.g., Albern et al., 2018, 2019, 2020; 46 

Ceppi & Hartmann, 2016; Voigt & Albern, 2019; Voigt & Shaw, 2015, 2016; Grise et al., 2019; 47 

Voigt et al., 2020 and references therein). And in recent years, it has become clear that they also 48 

play an important role in climate variability.  49 

 The role of clouds in climate variability has been investigated primarily in the tropics 50 

(Rädel et al., 2016; Middlemas et al., 2019; Li et al., 2020). Cloud-radiative effects (CRE) have 51 

proven important for simulated variability in the El-Niño/Southern Oscillation (Rädel et al., 52 

2016; Middlemas et al., 2019) and for tropics-wide variations in the sea-surface temperature field 53 

(Li et al., 2020). The importance of CRE for extratropical variability is generally less clear, and 54 

most studies have focused on the importance of CRE for relatively short-term dynamic 55 

variability (Li et al., 2014; Schäfer & Voigt, 2018; Grise et al., 2019; Papavasileiou et al., 2020).  56 

 Here we demonstrate that CRE play a fundamental role in simulated surface temperature 57 

variability not only in the tropics (e.g., Rädel et al., 2016; Middlemas et al., 2019; Li et al., 2020) 58 

but also in the extratropics. Importantly, the coupling between CRE and the atmospheric 59 

circulation leads to robust increases in the amplitude of multiannual to decadal variability in 60 

surface temperatures averaged over the North Pacific and North Atlantic basins. The results have 61 
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potentially important implications for both the interpretation of observed Northern Hemisphere 62 

(NH) temperature variability. 63 

2 Output and analysis 64 

 The role of CRE in extratropical surface temperature variability is quantified by 65 

comparing output from two simulations run on a fully-coupled Earth System Model: an 66 

"interactive" or control simulation where CREs are coupled to the atmospheric circulation; and a 67 

"locked" simulation where CREs are decoupled from the flow. The experiments were conducted 68 

by D. Olonscheck at the Max Planck Institute for Meteorology and are identical to those 69 

described in detail in Li et al. (2020). In short:  70 

The simulations were run on the Max Planck Institute Earth System Model at T63 (200 71 

km) horizontal resolution and with 47 vertical levels in the atmosphere, and at 1.5 (150 km) 72 

horizontal resolution and with 40 vertical levels in the ocean. The interactive simulation was run 73 

for 250 years with preindustrial forcing but we use only the last 200 years of the simulation to 74 

account for model spin-up. The locked simulation was performed in the same way, except that 75 

all cloud parameters were randomized before being read into the radiation code. This was 76 

accomplished by 1) saving cloud parameters at every two hour radiation call from the interactive 77 

simulation; 2) randomizing the order of the years but not the hours or days associated with the 78 

cloud properties at each time step; and 3) reading the randomized cloud fields into the radiation 79 

code at every two hour time step when running the locked simulation. As such, the cloud 80 

parameters in the locked simulation have the same long-term mean diurnal and seasonal cycles 81 

as those in the interactive simulation, but they are decoupled from variability in the atmospheric 82 

circulation on all timescales. For details on the locking methodology see Rädel et al. (2016), 83 

Olonscheck et al. (2019), and Li et al. (2020); for details on the experiments used here see Li et 84 

al. (2020). 85 

 The amplitude of surface temperature variability is found as the standard deviation. The 86 

changes in variability between the locked simulations is given as 
𝒔𝒊

𝒔𝒍
− 𝟏, where 𝒔𝒊 and 𝒔𝒍 denote 87 

the standard deviations from the interactive and locked runs, respectively. Time filtering is done 88 

using a Butterworth filter. 89 

As noted above, the output is the same as that used in our recent study (Li et al., 2020). In 90 

that work, we focused on the tropics and did not identify large changes in surface temperature 91 

variability in the extratropics. In part, that is because we did not explore results for the Northern 92 

Hemisphere in depth, and we did not consider temperature variability on annual to decadal 93 

timescales. Here we focus on the Northern Hemisphere. 94 

 95 

3 The Contribution of Clouds to Northern Hemisphere Surface Temperature Variability 96 

Figures 1-4 compare surface temperature variability in the interactive and locked 97 

simulations. The climatological standard deviations from the interactive and locked runs are 98 

shown in the left and middle columns of Fig. 1, respectively. Results for the ocean areas are 99 

shown in the top row; results for land areas are shown in the bottom row. Note that the colorscale 100 
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is different in the two rows. In both simulations, the largest standard deviations are found over 101 

the Arctic, the NH land areas, and the Gulf Stream and Kuroshio Current regions. The fractional 102 

changes in the standard deviations ( 
𝑠𝑖

𝑠𝑙
− 1) are shown in the right column. To first order, 103 

coupling between CRE and the atmospheric circulation leads to widespread increases in surface 104 

temperature variability over the North Pacific, North America, and Eurasia (panels c and f). It 105 

also leads to increases over much of the North Atlantic with the exception of select regions over 106 

the center of the basin. In general, the increases in variance are most pronounced at high 107 

latitudes. 108 

The increases in Northern Hemisphere temperature variability are more pronounced on 109 

on multiannual timescales. Figure 2 shows the fractional changes in surface temperature 110 

variability between the locked and interactive simulations for temperatures that have been one 111 

and three-year low pass filtered. Note that the colorscales are again different in the left and right 112 

columns. In general, cloud-circulation coupling plays an increasingly large role in surface 113 

temperature variability at increasingly long timescales. Importantly, cloud-circulation coupling 114 

leads to increases in extratropical multiannual variability of ~25-45% over most of the Northern 115 

Hemisphere oceans. 116 

The increases in Northern Hemisphere temperature variability due to cloud-circulation 117 

coupling are also readily apparent in temperature data averaged over large spatial regions. For 118 

example, the center panel in Fig. 3 reproduces the fractional changes in three-year low-pass 119 

temperature variability from Fig. 2, and the surrounding panels show the changes in the standard 120 

deviations for temperatures that have been low-pass filtered and averaged over large spatial 121 

regions. The low-pass filter length is given on the abscissa of each panel, and the regions are 122 

defined in the caption. For example: Results at two years on the North Pacific panel indicate the 123 

fractional changes in temperature variability for output that have been 1) spatially-averaged over 124 

the North Pacific and then 2) two-year low-pass filtered. Cloud-circulation coupling leads to 125 

increases in area-mean temperature variance over all Northern Hemisphere regions and for all 126 

low-pass filters. The increases are ~10% over many land areas, approach ~25% over the North 127 

Atlantic, and reach nearly ~45% over the North Pacific sector.  128 

Together, the results in Figures 1-3 indicate that cloud-circulation coupling contributes to 129 

surface temperature variability over much of the Northern Hemisphere. That the increases extend 130 

to low-frequency timescales has potentially important implications for the interpretation of 131 

decadal climate variability. The changes in persistence are not only apparent in the changes in 132 

the standard deviations (Figures 1-3), but also in time series of temperature averaged over key 133 

regions. For example, Figure 4 shows the time series of simulated temperature variability over 134 

the North Pacific and North Atlantic ocean basins. As is visually apparent from the time series, 135 

the interactive simulation (blue lines) has more variability on decadal timescales than the locked 136 

simulation (orange lines). For example, SSTs in the interactive simulation (blue) exhibit multiple 137 

examples of large shifts on decadal timescales tht are not apparent in the locked (orange) 138 

simulation. 139 

Why does cloud/circulation coupling lead to increased variability in Northern 140 

Hemisphere surface temperatures? Following Yu and Boer (2006) and Li et al. (2020), the 141 

mechanisms that contribute to the temperature variance can be quantified from the surface 142 

energy budget. Starting with the thermodynamic energy equation at the surface: 143 
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 144 

C
𝑑𝑇

𝑑𝑡
= 𝑄𝑆𝑊 + 𝑄𝐿𝑊 + 𝑄𝑆𝐻 + 𝑄𝐿𝐻    (1) 145 

where C is the effective heat capacity of the ocean mixed layer or land surface, T is the surface 146 

temperature, and the Q terms denote the fluxes of shortwave radiation, longwave radiation, latent 147 

heat, and sensible heat, respectively. The conversion of Eq. 1 into a diagnostic equation for the 148 

temperature variance involves 1) assuming all parameters in Eq. 1 reflect departures from the 149 

long-term mean; 2) replacing the derivative on the LHS with a centered differencing scheme; 3) 150 

squaring the resulting equation and taking the time average (see Li et al. (2020) for details of the 151 

procedure). The resulting expression for the temperature variance can be expressed as 152 

      σ𝑇
2 = 𝐺σΣ

2𝑒      (2) 153 

where σ𝑇
2  denotes the surface temperature variance; σΣ

2 is the sum of the individual surface flux 154 

variances;  𝐺 =
2(Δ𝑡)2

𝐶2(1−𝑟2)
 is a ’transfer term’ that accounts for the influence of persistence (as 155 

measured by the lag-two month autocorrelation 𝑟2), the effective heat capacity (C), and the 156 

sampling time scale Δ𝑡 on temperature variance; and 𝑒 = 1 +
2Σ𝑄𝑖𝑄𝑗

σΣ
2  is an ’efficiency term’ that 157 

accounts for the covariances between the various surface fluxes (i.e., negative correlations 158 

between different fluxes lead to 𝑒 < 1). 159 

The ratios of the three terms in Eq. 2 calculated for the interactive and locked simulations 160 

are shown in Supporting Information Figure S1. As is the case in the tropics (Li et al., 2020), the 161 

increases in surface temperature variance in the extratropics between the interactive and locked 162 

runs are dominated by increases in the variances of the fluxes (i.e., increases in the σΣ
2 term). The 163 

efficiency term acts to reduce the effectiveness of the increases in the flux variances due to cross-164 

correlations between the individual fluxes. The transfer term acts to modestly enhance the 165 

effectiveness of the increases in the flux variances over the oceans since the autocorrelation of 166 

the surface temperature field increases in the interactive simulation.  167 

Figure 5 explores the changes in the variances of the various individual fluxes between 168 

the locked and interactive simulations. The first column shows the climatological-mean surface 169 

flux variances in the interactive simulation. In general, the latent, sensible, and shortwave 170 

radiative fluxes are most important for the total variance. The latent heat fluxes are dominant 171 

over the subtropical oceans, and the sensible heat fluxes have largest amplitudes over the western 172 

boundary current regions and along the periphery of the Arctic. The radiative flux variances are 173 

more spatially amorphous. The second column shows the attendant climatological-mean surface 174 

flux variances in the locked simulation, and the third column shows the fractional changes in the 175 

variance between the two simulations. By far the primary effect of cloud-circulation coupling is 176 

to enhance the variance of the shortwave and longwave radiative fluxes (panels c, g). The 177 

increases in the shortwave radiative flux variances are prominent across the hemisphere. The 178 

increases in the longwave radiative flux variances are relatively weak over ocean regions but 179 

comparable to the changes in the shortwave fluxes over terrestrial regions.  180 

The increases in the variances of the shortwave radiative fluxes due to cloud-circulation 181 

coupling are consistent with the reddening of cloud fraction by the atmospheric flow (Li et al., 182 

2020). The mechanism works as follows. In the presence of cloud-circulation coupling, cloud 183 
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fraction exhibits power spectra consistent with red noise since the cloud-fields are coupled to 184 

large-scale variability in the atmospheric circulation. When the cloud-fields are scrambled and 185 

thus decoupled from the circulation, the total variances of cloud fraction are preserved, but the 186 

variance is distributed roughly equally across all timescales since there is no persistence in the 187 

scrambled cloud-fields. As such, when clouds are coupled to the circulation, cloud fraction and 188 

shortwave CRE exhibit less variance on very short timescales (e.g., timescales of a few hours) 189 

but more variance on low frequency timescales (e.g., timescales longer than a few days). The 190 

above argument holds for the changes in the shortwave radiative flux variance shown in Fig. 5c, 191 

since the variance of the total shortwave flux is dominated by the variance of shortwave CRE. 192 

The argument holds for the component of the longwave radiative flux variance that reflects 193 

changes in longwave CRE, but it is likely that the changes in the longwave radiative flux 194 

variance shown in Fig. 5g also arise from changes in temperature variance. 195 

 196 

4 Implications 197 

Together, the results shown here indicate that cloud-circulation coupling has a 198 

pronounced effect on surface temperature variability in an Earth System Model across vast 199 

regions of the Northern Hemisphere. The results suggest that CRE play a key role in climate 200 

variability not only in the tropics (Rädel et al., 2016; Middlemas et al., 2019; Li et al., 2020), but 201 

also in the Northern Hemisphere. Importantly, prominent increases in variance are found over 202 

the North Pacific and North Atlantic basins, where cloud-circulation coupling increases the 203 

variance of multiannual to decadal SST variability by ~45% and ~25%, respectively. We have 204 

argued that the increases in extratropical SST variance arise from the same mechanism that 205 

contributes to the increases in tropical SST variance found in our previous study (Li et al. 2020): 206 

That is, cloud-circulation coupling acts to "redden" the variance of clouds and their shortwave 207 

radiative effects, and thus enhancing the contribution of CRE to low-frequency climate 208 

variability.  209 

The results have important implications for the interpretation of observed climate 210 

variability. The variances of the surface fluxes in the interactive simulation bear very close 211 

resemblance to the observed fluxes, as estimated by ERA 5 (Hersbach et al., 2020, compare left 212 

and right columns in Fig. 5). Thus in the real-world, cloud-circulation coupling may be viewed 213 

as enhancing the variance of low-frequency temperature variability by roughly the same amount 214 

as that found in the differences between the interactive and locked simulations. In other words, 215 

the simulations shown here should provide a close approximation of the importance of cloud-216 

circulation coupling for low-frequency temperature variability in Earth's climate. 217 

Previous work has suggested that CREs have a relatively weak effect on extratropical 218 

climate variability (i.e., Papavasileiou et al. 2020; Li et al. 2020). However, the results shown 219 

here make clear that cloud-circulation coupling has a pronounced effect on Northern Hemisphere 220 

surface temperature variability, with the large increases in variance found over the extratropical 221 

oceans. Taken at face value, the results suggest that cloud-circulation coupling makes important 222 

contributions to multiannual to decadal variability in the Pacific Decadal Oscillation and Atlantic 223 

Multidecadal Variability. 224 
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Figures 237 

 238 

Figure 1. Monthly-mean surface temperature standard deviation across the Northern Hemisphere 239 

for (a,d) the 200-year interactive simulation and (b,e) the 200-year locked simulation. (c,f) The 240 

fractional changes in the standard deviations between simulations. 241 

 242 
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 243 

Figure 2. The fractional changes in surface temperature standard deviation between the locked-244 

cloud and interactive simulations. (a,b) Temperatures have been one-year low-pass filtered. (c,d) 245 

Temperatures have been three-year low-pass filtered. 246 

 247 
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 248 

Figure 3. Changes in surface temperature variability for five different regions due to cloud-249 

circulation coupling. (a,b) Fractional changes in three-year low-pass temperature variability 250 

reproduced from Fig. 2. Fractional changes in standard deviation of surface temperature for 251 

different low-pass filter lengths and averaged over (c) entire Arctic (60°-90°N), (d) North Pacific 252 

(15°-60°N, 129°E-241°E), (e) North America (15°-60°N, 196°-305°E), (f) North Atlantic (15°-253 

60°N, 285°-360°E), (g) Eurasia (15°-60°N, 0°-170°E). 254 

 255 
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 256 

Figure 4. Area averaged monthly-mean time series of surface temperature anomalies for the 257 

interactive and locked-cloud simulations over the (a) North Pacific and (b) North Atlantic 258 

regions. Grayed lines show unfiltered time series, blue and orange lines indicate ten-year low 259 

pass filtered time series for the interactive and locked-cloud simulations respectively. The time 260 

series for the locked-cloud simulation is offset by 1.5K to distinguish the two time series. 261 

 262 
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 263 

Figure 5. Surface energy flux variances: (a-d) surface shortwave radiative flux, (e-h) surface 264 

longwave radiative flux, (i-l) surface sensible heat flux, (m-p) surface latent heat flux. The first 265 

and second column show the individual flux variance for the interactive and locked-cloud 266 

simulations respectively. The third column shows the ratio of individual surface flux variance 267 

between the interactive and locked-cloud simulation. The fourth column shows the surface flux 268 

variances as estimated by ERA 5 reanalysis. 269 

 270 
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Figure S1. The ratio for each term of the diagnostic equation for surface temperature 
variance (Eq. 2) between the interactive and locked simulation. (a-c) Calculated ratios for 
the three terms on the right-hand side of Eq. 2 between the interactive and locked 
simulations. (d) Recreated surface temperature variance ratio between interactive and 
locked simulations by multiplying each term in Eq. 2. 
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