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1 Sensitivity of the latitudinal asymmetry 

Section 3.2 presents persistent latitudinal asymmetry of ZMTT both in horizontal patterns 

(latitude and longitude) at various levels (surface and 500 hPa) and in vertical profiles (latitude 

and altitude). Here we address the robustness of the identified asymmetry from three aspects. 

 

1.1 Is the latitudinal asymmetry robust across different altitudes?  

The exact spatial distribution of the temperature trend and absolute values among the 

three reanalysis datasets have some differences (Fig. 3 and 4) due to the differences in 

assimilated observations or observation uncertainties. However, the horizontal patterns are 

robust, based on spatial pattern correlations among three datasets at various pressure levels 

(Table 3). The average pattern correlations are high between 400 and 700 hPa (>0.4), with the 

highest values at 500 or 600 hPa (0.49 to 0.50). That is the reason why our further analysis is 

mainly based on 500 hPa. Lower layers closer to the surface have smaller correlations because of 

different patterns of low-level temperature trends, also shown in the vertical profile of 

temperature trends (Fig. 4), which is consistent with Section 3.1. 

 

1.2 Is the latitudinal asymmetry robust across different periods?  

While our focus is the mid-20C period (1948–1978), we test whether the identified 

latitudinal symmetry is sensitive to the time period selected. Fig. S1 shows the sensitivity test of 

the ZMTT gradient by varying the starting year from 1940 to 1955 and the length of the period 

from 20 to 40 years. Periods shorter than 20 years are not shown because the trends are largely 

dominated by short-term fluctuations. 

The notable difference between CERA20C and 20CR is over the short period portion 

starting from 1940 to about 1948, where CERA20C has opposite gradients compared with 20CR. 

However, when the length in consideration gets longer than 30 years, the gradients computed 

from all three datasets become more consistent, especially with starting years later than 1950. 

Identified latitudinal asymmetry is persistent throughout the mid-20th century, not particularly 

tied to the specific interval of 1948–1978. The black circles in Fig. S1 indicate the specific time 

interval used in this study when most forcing factors (GHGs as well as AA) are linear. Although 

the latitudinal gradient is somewhat sensitive to the starting year and less so to the length in 

question, it remains significantly negative around the black circle (1948–1978 period) in 
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reasonable ranges during the mid-20C. Thus, we argue the observed latitudinal asymmetry is a 

robust feature and can be exploited for quantitative attribution. 

 

1.3 Is the latitudinal asymmetry robust in the observational record?  

Should be the 2-3 times larger gradient in NCEPNCAR (Fig. 4d, green) be considered as 

an outlier, due to the different assimilation systems used? One may argue that the results of 

NCEPNCAR (and CERA20C) are more trustworthy than 20CR because of the assimilated 

radiosonde observations. However, some early studies (Kinter et al., 2004, Wu et al., 2005) also 

identified the bias of NCEPNCAR products in terms of interdecadal trends. In addition, there are 

concerns about the use of reanalysis datasets to quantify tropospheric temperature trend due to 

the inhomogeneities in the radiosondes (Karl et al. 2006; Allen and Sherwood 2007; Allen and 

Sherwood 2008; Titchner et al. 2009), especially for the “early” period prior to the satellite era, 

when the global radiosonde observation network was still in its infancy (Kalnay et al. 1996; 

Kistler et al. 2001). 

We utilize the RAOBCORE data (Haimberger, 2007), which is a homogenized 

radiosonde product, to evaluate the three reanalysis datasets included in this study. We compare 

the tropospheric temperature anomalies and decadal trends between RAOBCORE (Fig. S2a) and 

the three reanalysis datasets (only showing average in Fig. S2b). Overall, we find that 

NCEPNCAR appears to have the highest agreement. However, we also caution that 

RAOBCORE had very limited spatial coverage before the 1950s, especially over the Southern 

Hemisphere; thus, the trends inferred from RAOBCORE could have their own bias. 

On the other hand, 20CR, which has a weaker cooling in the NH troposphere compared 

with the other two datasets (Fig. 4b), is only constrained by surface observations (Table 1), and 

thus is not affected by the aforementioned bias due to radiosonde observations. However, the 

tropospheric changes in 20CR are entirely model-simulated and can thus be subject to the 

uncertainty of model processes.  

The bottom two rows show the horizontal and vertical patterns with NCEPNCAR or 

20CR omitted, to test whether omitting one of the three datasets will change the fingerprints of 

RE. As we discussed above, because of the strong gradient in NCEPNCAR, the averaged results 

of the other two datasets show weaker patterns (Fig. S2d) compared with RE results (Fig. 7a and 



3 
 

b). However, the spatial patterns are still consistent with the RE results, no matter which dataset 

is omitted. 

Therefore, it remains an open question which particular reanalysis dataset is more reliable 

for applications in the mid-20th century. Since the three datasets are the only ones covering the 

entire period we are focusing on, we adopt the average of all three available datasets in this 

study. Future studies focusing on more recent periods should be cautious about the potential bias 

in these reanalysis datasets due to different reasons and should include additional datasets when 

appropriate and conduct robustness tests before further analysis. 

 

2. The sensitivity of surface latitudinal trend: the surface level versus 1000 hPa ocean only 

As we discussed previously, all our surface analysis is based on the surface air 

temperature (ocean + land) results (Table 4b). Here, we also test the robustness of our results by 

comparing them with the attribution based on the ocean-only temperature at 1000 hPa (Table 

S1). The attributions of external forcings based on ocean-only temperature are similar to those 

based on ocean-and-land temperature results. However, the explained variances of the internal 

variabilities are greater when considering ocean-only results. Based on ocean-only attribution 

results, DV and ALL show similar explained variances of RE (26% vs. 30%, compared with 

14% vs. 22% using land-and-ocean attribution). At the same time, NAVI explains 26% fractional 

variance based on ocean-only results based on the 1-step framework, greater than the explained 

variance of AA (20%); in comparison, the variance of NAVI is slightly greater than that of AA 

(16% vs. 20%) based on the land-and-ocean results (Table 4b).  

The greater importance of DV based on ocean-only attribution is reasonable in that 

internal variability induces climate changes by directly forcing the oceanic temperature but not 

the land temperature. However, the AA emissions are originated from land and are largely 

constrained over the emission domain due to the relatively short lifetime. Therefore, it is more 

reasonable to include both land and ocean when conducting the attribution
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Table S1 The variance fractions explained by various internal and external factors to the 

observed (RE) or simulated (DV and ALL) 31-year temperature trends during the mid-

20C. Similar to Table 4b but based on 1000 hPa ocean only results. 

 From 

DV 

ALL TPI NAVI GHG AA NAT OZ 

RE 26% 30% 0% 26% 

(32%) 

-3% 20% 2% 0% 

DV - - -11% 77% 

(81%) 

- - - - 

ALL - - - - -6% 32% 7% 0% 
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Fig. S1 

The latitudinal gradients of ZMTT (K/decade/90ºlat) at 500 hPa (as in Fig. 3h) as a function of 

start years (x-axis, 1940 to 1955 as in Fig. 1 right panels) and lengths of selected periods (y-axis, 

20 to 40 years). (a) NCEPNCAR, (b) 20CR, and (c) CERA20C. Black circles show the 31-year 

linear trend during 1948–1978, which is the focus of our analysis.  
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Fig. S2 

Left column: The spatial patterns (60ºS–60ºN) of the linear trend of air temperature at 500 hPa 

during 1958–1978, from (a) RAOBCORE, (b) Reanalysis-mean (RE), and (c, d) the average of 

the two reanalysis datasets excluding 20CR and NCEPNCAR, respectively. Note that the 1948–

1978 result for RE is also shown in Fig. 7a. 
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Right column: The vertical patterns of Zonal Mean Temperature Trend (ZMTT) during 1958–

1978. Note that the 1948–1978 result for RE is also shown in Fig. 9a.  
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Fig. S3 

Same as Fig 6 in the main text but for the surface.  
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(a-f) Spatial patterns (60ºS–60ºN) of the 31-year air temperature trend during 1948–1978 at the 

surface. (a) and (c) show patterns due to internal variability calculated from Pre-Industrial (PI) 

model runs. (a) TPI is defined using a negative trend, and (c) NAVI is defined using a negative 

trend. The (b, d, e, f) shows the patterns due to external forcing. (b) GHG-only, (d) aerosol-only 

(AA), (e) natural-forcing-only (NAT), and (f) ozone-only (OZ).  

(g) The ZMTT induced by internal variability, and (h) ZMTT induced by external forcings.  

The TPI regions are highlighted with the black boxes in (a); The NAVI (AMO) region is 

highlighted with the black box using solid (dashed) lines in (c). 


