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Abstract:



During the twentieth century, the southeast United States cooled, in direct contrast with widespread global and hemispheric warming. While the existing literature is divided on the cause of this so-called “warming hole,” anthropogenic aerosols have been hypothesized as playing a primary role in its occurrence. In this study, unique satellite-based observations of aerosol vertical profiles are combined with a one-dimensional radiative transfer model and surface temperature observations to diagnose how major reductions in summertime aerosol burden since 2001 have impacted surface temperatures in the southeast US. We show that a significant improvement in air quality likely contributed to the elimination of the warming hole and acceleration of the positive temperature trend observed in recent years. These reductions coincide with a new EPA rule that was implemented between 2006 and 2010 that revised the fine particulate matter standard downward. Similar to the southeast US in the twentieth century, other regions of the globe may experience masking of long-term warming due to greenhouse gases, especially those with particularly poor air quality.
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1. Introduction


During the latter half of the twentieth century, while the globally-averaged surface temperature increased [1], the southeastern United States (SEUS) experienced cooling [2,3,4]. Annually-averaged surface temperature observations calculated from three widely recognized datasets (Figure 1a, described in Section 2.1) show a warming trend of +0.54 ± 0.30 °C century−1 between 1900 and 2008 for the continental United States, for instance, but a minimal cooling trend of −0.02 ± 0.39 °C century−1 in the SEUS (30–35° N; 95–80° W) (Figure 1b). While this so-called “warming hole” is noted in the literature, its origin is still unknown, though several recent studies link it to changes in large-scale convective precipitation [5], low-level circulation [6], decadal swings of the Pacific Decadal Oscillation (PDO) [7], or interannual variations in tropical Pacific sea surface temperatures [8]. However, recent well-supported hypotheses attribute the warming hole instead to high regional aerosol emissions [9,10,11,12,13]. In support of this hypothesis, the widespread cooling is thought to have persisted most strongly between 1970 and 1990 when the surface concentration of particulate matter peaked in the SEUS [11,14]. Indeed, observations of net surface solar radiation over the United States show a corresponding multi-decadal decrease from 1961 through 1990 [15].


Figure 1. Time series of mean annual temperature anomalies for the southeast US (solid lines; 30–35° N, 95–80° W) and the continental US (dashed lines; 25–50° N, 125–65° W). For panel (a), the unique colors represent three independent gridded temperature datasets–red = Delaware, black = GHCN and blue = Berkeley; For panel (b), the lines are each respective region’s mean temperature anomaly, averaged across all three datasets in (a). The trend lines in (b) are linear trends of temperature anomalies from 1900–2008, with error estimates, calculated using bootstrapping techniques (n = 1000), shown as the solid shaded regions.
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Anthropogenic aerosols can locally cool the climate both directly through their effect on incoming solar radiation [16,17] and indirectly through their influence on clouds [18,19,20]. Reflective aerosols increase the planetary albedo and cool the surface [16], while their indirect modification of cloud reflectivity and lifetime accomplishes the same effect [21,22]. In general, high aerosol emissions in the twentieth century are thought to have masked up to a third of continental global warming [23]. Though evidence suggests that anthropogenic emissions of reflective sulfate aerosols in the SEUS produce a direct local cooling effect [24,25], other research shows that the effect may be more limited [26], and may induce mesoscale changes to cloud and wind fields that significantly limit and modify the overall surface temperature effect of aerosols [27,28]. Shindell et al. [29] also suggest that while inhomogeneous radiative forcing from aerosols produces a wide range of surface temperature responses in climate models, the strongest sensitivity to this inhomogeneous forcing is in the extratropical northern hemisphere, including the SEUS. Finally, there is evidence that anthropogenic global warming also indirectly increases emissions of biogenic aerosol precursors, the presence of which is likely to further enhance the cooling effect [30]. The sum of these effects suggests that aerosols have indeed likely played an outsized role in modulating global warming in the SEUS.



Recent work by Attwood et al. [31] and Kim et al. [32] indicates that recent decreases (since the 1990s) in aerosol concentration in the SEUS have led to increased solar radiation at the surface. In seeming contradiction, other studies link increased surface radiation in SEUS to changes in cloud cover and not aerosols [33]. However, a related study suggests that trends in precipitation, and not cloud cover, are responsible for recent trends in surface temperatures [34]. Moreover, another study suggests that neither clouds nor precipitation can fully account for the observed temperature trends in the SEUS, and that aerosols need to be considered [2]. We also note that Zhang et al. [35] report an increase in absorbing aerosol optical depth over the continental US during the 21st century, which occurred in tandem with an overall decrease in total optical depth, suggesting an overall shift in the species composition of aerosol emissions over the past two decades or so. Here, we present evidence, using a unique vertically-resolved dataset of aerosol extinction, that aerosols have contributed to accelerating positive temperature trends in the SEUS since 2001, though they are likely only one piece of the puzzle. We note that all post-2001 aerosol and temperature trends reported in the text are statistically significant.




2. Materials and Methods


2.1. Surface Temperature Trend Calculation


We analyzed regional temperature trends using three reliable, high-resolution (≤1°) gridded temperature datasets at varying temporal and spatial resolutions: the University of Delaware terrestrial air temperature time series (http://climate.geog.udel.edu/~climate/html_pages/Global2011/), available from 1900–2010 at 0.5° × 0.5° spatial resolution; the Berkeley Earth Land + Ocean dataset (http://berkeleyearth.org/data/) available from 1750-present at 1° × 1° spatial resolution; and the Global Historical Climatology Network (GHCN) CAMS (Climate Anomaly Monitoring System) land air temperature time series, available from 1948-present at 0.5° × 0.5° spatial resolution [36]. The three datasets were chosen because they fit four criteria: high-resolution, gridded, globally-resolved and publicly available. Additionally, the datasets are widely respected [37] and were all constructed completely independent from each other. We calculated both least-squares and Theil–Sen linear trends and estimated the significance using a bootstrapping technique (n = 1000).




2.2. CALIOP Aerosol Retrievals for 2006–2014


We used version 3.01, 3.02, and 3.30 NASA Cloud Aerosol Lidar with Orthogonal Polarization (CALIOP) Level 2 5-km 532 nm daytime aerosol extinction coefficient data to create summertime-mean (May–September) vertical profiles at 75 m vertical resolution from data collected for 2006–2014. As described in Section 3.1, we restricted our study to the summertime because that was when the warming hole was strongest and when aerosol optical depth was highest. The data were screened for quality assurance using the rubric described by Campbell et al. [38], which very closely mirrors the method described by Winker et al. [39] that is formally endorsed by the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations project development team. However, the following screening metrics in Campbell et al. [38] improve the robustness of the retrieval method for the purposes of this investigation. First, no profiles were considered if cloud was observed, so as to minimize the corresponding signal attenuation impacting the retrieval of aerosol extinction coefficient in any way. Second, no profiles were considered if the corresponding retrieval failed to resolve aerosol within 250 m of the surface. Finally, profiles were removed if the retrieval failed to observe any aerosol (i.e., aerosol optical depth; AOD = 0). This choice was based on personal communication with Travis Toth (University of North Dakota), and will discussed in a forthcoming publication (which is currently still in preparation). These restrictions as a whole, however, limit the effects of signal attenuation that we believe could compromise the averaged solutions off extinction coefficient profile derived for this study. Approximately 2500 qualifying profiles were averaged each year to construct these profiles. Averages were solved using a Gaussian weighting function to increase the significance of retrievals relative to the center of the 5° × 15° study domain. We further constructed domain-average CALIOP 532 nm aerosol extinction profiles at 75 m vertical resolution corresponding with each of the native Level 2 species resolved for use in a radiative transfer model experiment described below. Campbell et al. [38], among others, characterize CALIOP AOD and its relative accuracy.



We calculated the total aerosol optical depth (AOD) from the CALIOP data by integrating the extinction coefficient by height. We used atmospheric boundary layer (ABL) data from the ERA (ECMWF Reanalysis) interim [40] to estimate the mean monthly mid-day (1:00 p.m. local time) ABL. We calculated above- (and below) ABL AOD by integrating the extinction coefficient for only that portion of atmosphere that was above (or below) the ERA-estimated noontime ABL height for each month. We also used satellite AOD measurements from the Multi-angle Imaging SpectroRadiometer (MISR) instrument [41] (Version 22, Level 3) for comparison and validation.



Though we note that each seasonally-averaged vertical profile contains approximately 2500 unique CALIOP profiles, we acknowledge that the lower spatial (and temporal) coverage may affect the overall robustness of our analyses, though we anticipate that the overall conclusion to this work is largely unaffected by these limitations.




2.3. Fu–Liou–Gu Radiative Transfer Model


The aerosol direct effect on radiative forcing is investigated using the Fu–Liou–Gu (FLG) model [42,43,44,45]. The vertical profiles used to force the model were constructed from the CALIOP data described above and were taken as a mean extinction at each 75 m layer (the mean of approximately 2500 qualifying profiles per year). An individual profile was created for each aerosol species defined by CALIOP and then matched with the corresponding species in the FLG model. To calculate the net radiative forcing and heating rates for each single species extinction profile, the partial contribution to the total AOD and the value of the species optical depth at each altitude level is required as input for the model.



FLG parameterization uses eighteen different types of aerosols, with single scattering aerosol properties parameterized through the Optical Properties of Aerosol and Clouds (OPAC) catalog [46,47]. However, for our study, four main aerosol types (as defined by CALIOP) contributed more than 95% to the total AOD; these were dust (“transported dust” in FLG), polluted continental (“urban” in FLG), polluted dust (“half urban, half dust" in FLG), and smoke (“black carbon” in FLG). We note the concerns raised by Burton et al. [48] in resolving polluted dust in the Version 3 Level 2 CALIOP algorithms, and concede some measurable offset is introduced here when applying the speciated terms in the manner described. Since we are comparing profiles derived from separate years, however, and our concern focuses on the relative differencing of forcing calculations between the two, our belief is that the uncertainty is self-contained overall and the analysis is ultimately reasonable.



According to Gu et al. [46], the FLG also takes into account the effect of water vapor (available from the standard atmosphere atmospheric profile) on aerosols. We performed two simulations: “pristine”, where the aerosols were excluded (totally clear conditions) and “total sky”, where the individual aerosol species were included. We combined these results into two experiments: FULL, which is simply the “total sky” simulation for each year, and AERO, which is the “total sky” simulation minus the “pristine” simulation for each year. For both experiments, the US1976 standard summer mid-latitude thermodynamics profile was used. Use of the standard atmosphere implies that the water vapor profile was invariant year-to-year. We acknowledge that this is a limitation as water vapor does absorb in the near infrared and that this could impact our direct radiative forcing measurements. However, while we recognize this could cause a small error in our calculations, the data suggest that it does not approach the magnitude of biases derived and discussed or affects the nature of our conclusions.





3. Results and Discussion


3.1. Summertime Warmth Linked to Improved Air Quality


The twentieth century warming hole was especially notable during the summer (Figure 2a) when anthropogenic aerosol concentrations in the SEUS are highest [49]. Summertime temperatures (May–September) in the SEUS decreased by a negligible −0.01 ± 0.35 °C century−1 between 1900 and 2008, compared with a substantial +0.99 ± 0.35 °C century−1 increase in Western US (35–48° N; 125–110° W) temperatures during the same time period (Figure 2c). Time series analysis using LOESS (locally weighted scatterplot smoothing) curve smoothing shows that much of the 20th century decrease in SEUS summertime surface temperature occurred before 1975, plateauing between 1975 and 1990, and with a slight rebound beginning afterward; indeed, the 1900–1975 trend in SEUS surface temperature was a robust −0.27 ± 0.25 °C century−1 (Figure 3). This period roughly coincided with the peak in SEUS tropospheric aerosol concentration [14].


Figure 2. (a) linear trends in summer (May–September) surface temperatures from the Delaware dataset for 1900–2008 (0.5 degree resolution); (b) linear trends in summer surface temperatures from the Berkeley dataset for 2001–2015 (one-degree resolution). Stipling indicates statistically significant trends at 95% confidence; (c) regionally averaged summer surface temperature anomalies for 1850–2015 for the Southeast US (black) and the Western US (red) (regions defined by boxes in (a,b)). Linear trends for 1900–2008 (dashed lines) and 2001–2015 (solid lines) are noted; (d) summertime surface temperature and aerosol optical depth (AOD) anomalies for the southeast US for 1990–2015. The 2001–2015 linear trend is noted by solid lines. Error estimates calculated using the bootstrapping method (n = 1000) are shown as shaded solids.
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Figure 3. Time series of the 1900 to “year” linear trend (least-squares) for each “year” from 1960 to 2015. The green shaded region represents the error estimate (95% confidence) of the linear trend. Note the negative trends for the time period ranging from 1900 to 1970 through the time period ranging from 1900 to 2010, and the recent flip to positive trends after 2010.
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In recent years, the summertime warming hole has not only disappeared but reversed (Figure 2b). The 2001–2015 temperature trend in the SEUS was +0.54 ± 0.52 °C decade−1, compared with +0.18 ± 0.62 °C decade−1 in the Western US over the same period. Using the alternative Theil–Sen linear trend-fitting algorithm [50], the reversal is still notable and significant, with a positive +0.50 °C decade−1 trend in SEUS versus a negative −0.18 °C decade−1 trend in the Western US. When only the most recent decade (2001–2010) is considered, ensuring that the average contains input from all three primary surface temperature records, the contrast is more striking: +0.69 ± 0.68 °C decade−1 in SEUS and −0.48 ± 0.74 °C decade−1 in the Western US.



Contemporary (2001–2015) satellite AOD measurements from the Multi-angle Imaging SpectroRadiometer (MISR) instrument [41] (Version 22, Level 3) show high summertime aerosol loading in the SEUS, especially when compared with the Western US where population densities are lower (Figure 4a). Summertime AOD (from MISR) in the SEUS was, on average, 0.05 to 0.10 greater than the long-term annual mean. In contrast, summertime AOD in the Western US was only 0.00 to 0.04 greater during the summer months.


Figure 4. (a) summertime (May–September) aerosol optical depth (AOD) averaged for 2001–2015; (b) the linear trend (2001 to 2015) in summertime AOD. Aerosol data were taken from MISR (Multi-Angle Imaging Spectroradiometer) Stipling indicates statistically significant trends at 95% confidence; (c) main: vertical profiles of average summertime (May–September) aerosol extinction coefficients (km−1) in the southeast US (SEUS) for both 2007 and 2014 calculated using CALIOP (Cloud Aerosol Lidar Orthogonal Polarization) lidar data. inset: summertime SEUS aerosol optical depth (AOD) averages for two periods (2000*–2007 and 2008–2014). CALIOP_total = total column AOD from the CALIOP instrument; CALIOP_elev = only elevated AOD (above the boundary layer) from the CALIOP instrument and MISR = MISR total column AOD. * For the two CALIOP variables: 2006–2007.
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The trend in regionally averaged summertime AOD in the SEUS was −0.05 decade−1 between 2001 and 2015 (Figure 2d, Figure 4b). In contrast, summertime reductions in Western US AOD were minimal, where they existed at all (Figure 4b). Using a bootstrapping technique for error calculation (n = 1,000), we estimate that the 14-year reduction in SEUS AOD was statistically significant (−0.05 ± 0.03). However, a decomposition of the linear trend reveals a sharp drop in AOD between 2007 and 2008. The linear trend from 2001–2007 was near-zero (+0.01 decade−1), and the linear trend from 2008 to 2015 was insignificantly negative (−0.03 decade−1), suggesting that the majority of the decrease occurred between 2006 and 2009; indeed, the trend from 2005 to 2010 was −0.16 decade−1. The smoothed curve, fit using LOESS smoothing techniques (n = 5 years), further illustrates this sharp transition. We note that an EPA rules change to the Clean Air Act (CAA) National Ambient Air Quality Standards (NAAQS) for Fine Particulate Matter (PM2.5), implemented beginning in 2006 (Environmental Protection Agency, 40 C.F.R. § 50, 71 FR 2620) corresponds well with the aerosol changes resolved in the data. The rule lowered the 24-h PM2.5 standard from 65 [image: there is no content]g m−3 to 35 [image: there is no content]g m−3. That the timing of this rule and its subsequent implementation matches well with the sudden trend reversal represents a circumstantial link that may reconcile the observed relationship [51], though we acknowledge that we have only limited evidence indicating a steep drop in surface-level particulate matter concentration from 2007 to 2009 for several southeast US stations.



The 2001–2015 AOD decrease in the eastern United States (Figure 4b) coincided with a marked increase in average surface temperature (Figure 2d). The spatial correlation of AOD decrease and temperature increase implies that warmer regional temperatures were driven in some manner by improved air quality. To reconcile this relationship, we used vertical profiles of aerosol extinction combined with a one-dimensional radiative transfer model (Section 2.2 and Section 2.3) to assess whether the link could be corroborated quantitatively or was mere coincidental correlation.



Summertime monthly mean profiles of SEUS aerosol light extinction coefficient were derived for 2006–2014 using data from the CALIOP instrument [38] (see Section 2). Similar to our results using MISR, CALIOP data show significant reductions in aerosol burden even over the shorter 2006–2014 time series (Figure 4c). More importantly, CALIOP data show that reductions in aerosol burden were not restricted to the surface layer but persisted as high as 5 km above the surface (though not much higher). The mean summertime (May–September) aerosol extinction coefficient decreased by an average of 35% from 2007 (the first full year of data) to 2014 (Figure 4c). In fact, the mean integrated AOD above the ABL was 41% lower (from 0.13 ± 0.00 to 0.07 ± 0.01) during 2008–2014 when compared with 2006–2007. This contrasts with a 26% reduction for the same time period for the entire tropospheric column (from 0.30 ± 0.02 to 0.23 ± 0.02) (Figure 4c). Furthermore, this decrease was not the result of a positive trend in ABL height, which can enhance the near-surface contribution to total aerosol loading. The ERA interim data show that, while the mean summertime regional ABL experiences interannual fluctuations, the overall trend was neither positive or negative.



Seasonal increases in the amount of secondary aerosols present above the boundary layer in the summer have been proposed to explain the apparent discrepancies noted between the total column aerosol burden from satellites and the measured near-surface pollution reported in EPA pollution measurements [49]. Our data support these findings, but, more notably, the CALIOP data show no apparent trend in aerosol composition from 2007 to 2014, from the surface through the mid-troposphere, indicating a continuity in relative airmass physical properties approaching the surface despite an overall reduction in their relative magnitudes.




3.2. Modeling Results Corroborate Observations


The FLG radiative transfer model was used to estimate the direct effect of these reductions in aerosol burden on the surface energy budget and column radiative heating profile, and to examine how that effect compares with the observed temperature trends previously discussed. We forced the model (see Section 2.3) with observed changes in vertically-resolved, CALIOP-derived aerosol extinction, broadband surface reflectance from MISR, and standard meteorological conditions, and estimated the direct radiative forcing of the reduced aerosol burden from 2007 to 2014 at solar noon. We performed two experiments, which are described in Section 2.3: FULL (direct forcing effect of aerosols) and AERO (direct forcing effect of aerosols minus a control simulation with no aerosols). Here, we present results from both, but focus on the FULL simulation.



The observed 35% decrease in CALIOP-measured aerosol extinction between 2007 and 2014 resulted in a 29 W m−2 (30 W m−2 for AERO) increase in solar noon net surface energy flux (Rn,srf) (Figure 5, inset). When we consider the respective CALIOP aerosol profiles for every year (2007 to 2014), the linear trend, which factors in all the intermediate years (2008–2013; see Table 1) in Rn,srf was 2.3 W m−2 year−1 (2.5 W m−2 year−1 for AERO), which, when multiplied by seven (the number of years from 2007 to 2014), was less than the 29 W m−2 absolute difference between 2014 and 2007, but was nevertheless similar. These values are similar to what we derived using an empirical model generated for a Rayleigh-only atmosphere with a direct and diffuse component and gaseous absorption and the observed total column change in AOD (−0.09) [52]. Despite being the average for the entire SEUS, the positive surface energy fluxes also correspond remarkably well with observations from the Goodwin Creek, MS, USA SURFRAD (Surface Radiation Budget Network) 34.25° N, 89.87° W; https://www.esrl.noaa.gov/gmd/grad/surfrad/goodwin.html) surface radiation monitoring station (Figure 5, inset, Figure 6), which is located in a region of particularly large aerosol reductions (e.g., Figure 4b), is located outside of urbanized area in an area of representative vegetation, and is the only SURFRAD site within our region of interest.


Figure 5. main: vertical profiles of the difference (2014–2007) in heating rates (thick black line) and atmospheric temperatures (red and blue lines) in SEUS from the ’FULL’ FLG-RTM (Fu-Lio-Gu Radiative Transfer Model) model experiment (black line) at solar noon (1800 UTC) and atmospheric sounding data from Birmingham, AL, USA (dashed lines) and Jackson, MS, USA (solid lines) at 8:00 a.m. local time (1200 UTC) and 8:00 p.m. local time (0000 UTC). inset: net surface radiation differences (2014 minus 2007) at solar noon from the ‘FULL’ and ‘AERO’ (see Section 2.3) FLG-RTM experiments and the integrated 1700–1900 UTC average from the Goodwin Creek, MS, USA SURFRAD (surface radiation) measuring station. Goodwin Creek values were computed by pairing the number of days and the times so that the intrinsic sampling was identical.
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Figure 6. A diurnal time series of average summertime (May–September) direct minus normal surface radiation received at Goodwin Creek, MS, USA for 2007 (pink) and 2014 (yellow).
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Table 1. Fu-Liou-Gu (FLG) radiative transfer model reported net surface forcing values for each simulation.







	
Year

	
Net, Noontime Forcing (W m−2)




	
FULL

	
AERO






	
2007

	
−50.3

	
460.1




	
2008

	
−29.4

	
480.9




	
2009

	
−29.0

	
483.9




	
2010

	
−35.4

	
477.3




	
2011

	
−30.2

	
483.7




	
2012

	
−28.1

	
484.2




	
2013

	
−32.8

	
478.1




	
2014

	
−21.3

	
490.4




	
Trend (year−1)

	
+2.30

	
+2.45










Curiously, while surface energy fluxes increased in the radiative transfer model over the temporal study period, total top of atmosphere (TOA) fluxes decreased between 2007 and 2014: −53.3 W m−2 in the FULL simulation and −50.5 W m−2 in the AERO simulation. As described below, this was probably a result of decreased aerosol absorption in the middle troposphere. In fact, while the trend in TOA radiative forcing was negative, the magnitude was still positive (e.g., 114.8 W m−2 in 2007 to 61.6 W m−2 in 2014 in the FULL simulations).



The FLG-estimated positive change in surface energy flux is a result of less solar absorption and scattering by aerosols in the atmospheric column. In the FULL simulation, lowered aerosol burdens from 2007 to 2014 resulted in a −3.4 K day−1 average decrease in solar noon heating rates between the surface and 4 km (Figure 5). The maximum decrease in heating rates occurred between 0.5 and 2.5 km, corresponding with large observed temperature reductions (2014–2007) at 0.7 km in the temperature sounding data from Birmingham, AL and Jackson, MS (Figure 5). The slight misalignment of the modeled and observed peaks is likely due to differences in the vertical resolution of the sounding data and the model as well as temporal differences; the soundings were taken at 7:00 a.m. (1200 UTC) and 7:00 p.m. (0000 UTC next day) local time, while the model simulations were performed for solar noon (1:00 p.m. local time). Atmospheric heating rates (and, subsequently, temperatures) throughout the lower troposphere were lower in 2014 because the atmospheric aerosol burden was lower. The model results indicate that a decrease in aerosol burden allowed more radiation to reach the surface and atmospheric absorption and semi-direct heating were suppressed. The results are consistent with the observed surface temperature trends, indicating that aerosols played a substantial role in the increasing temperatures observed in this region.





4. Conclusions


In summary, our results show that reduced aerosol direct radiative effects were of sufficient magnitude to contribute to the reversal of negative trends in twentieth century SEUS surface temperature. We present observations from both MISR and CALIOP showing statistically significant decreasing aerosol concentrations both at the surface and at elevated layers from 2007 to 2014 (supplementing results from Attwood et al. [31]). We demonstrate, using reliable profile data and a physically-based model that total column aerosol reductions increase the surface energy flux via direct effects, decrease the column atmospheric heating rate, and act as a probable contribution to an increase in regional surface temperatures since 2001. The consistency of our radiative transfer model results forced with changes in the observed aerosol budget with both surface radiation and atmospheric temperature profile measurements indicates that our results are robust and that the direct influence of aerosols played a significant role in the reversal of the warming hole in the SEUS. We note that Yu et al. [13] find evidence that a substantial portion of the trend reversal may be due to indirect effects. Specifically, they suggest that aerosol effects on shortwave cloud forcing combined with offset from the greenhouse warming of increased water vapor, may explain the temperature trend in SEUS. Our results neither support or contradict this hypothesis and suggest that direct and indirect effects may both play a role in SEUS temperature trends.



The local, direct effect from aerosols is unlikely to explain the entirety of the observed temperature trend reversal, and we acknowledge that the combination of the aerosol forcing with changes in clouds may also play a role. For example, we note significant noise, and relatively low temporal correlation, in both the surface temperature and aerosol trends, suggesting the existence of external mechanisms. Furthermore, Ruckstuhl et al. [53] and Philipona et al. [54] describe a similar rebound in surface temperature trends over mainland Europe in the 1980s as a response to changes in both aerosol burden and cloud distribution—though they note that the change due to direct aerosol forcing greatly outweighed changes from clouds—and our study seemingly validates their results in a different region. Using 2007–2014 cloud fraction data from CALIOP, we find that there is no trend in both total summer cloud fraction (−0.7% ± 1.7%) or liquid cloud fraction (+1.4% ± 1.7) (Figure 7). Similarly, there is no evidence of a trend in monthly cloud fraction or cloud top height anomalies in the MISR data for the same region and a slightly longer time period (Figure 8). While these results do not immediately prove that clouds play no role in the observed temperature trend reversal, they do lend evidence to our analysis that the trend reversal may be driven more directly by changes to atmospheric aerosol burden.


Figure 7. CALIOP-derived cloud fraction over the Southeast US (SEUS) for 2007 through 2014 showing no evident trend during the period.
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Figure 8. MISR-derived monthly cloud fraction over the Southeast US (SEUS) for March 2000 through 2015 showing no evident trend during the period. The thick gray line represents the anomaly in the mean cloud height smoothed with a 12-month running mean. The actual data are in blue and the gray lines indicate the 1-sigma bounds. The thick green line is the cloud fraction anomaly.
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However, while clouds may not have played a role in the reversal of the warming hole, we note that our work only addresses the relative role of aerosol trends. We acknowledge that other factors may also have contributed to positive temperature trends in the SEUS in the twenty-first century (e.g., [55]). In particular, we note that while multi-year trends in AOD and temperature appeared consistent with a direct influence of aerosols on surface temperature, the lack of covariance on interannual timescales suggests that other factors may have been substantial contributors. Our work indicates that aerosols were likely to have played a role in modulating surface temperatures but that other factors—which we did not explicitly account for in this study—may outweigh the aerosol effect. Further investigation of the relative roles of these other factors using a general circulation climate model is a logical next step.



We note that our work does not resolve the larger question of why surface temperatures in the SEUS were particularly sensitive to aerosol trends. While our analysis was restricted to the deep South (where the warming hole was largest), we acknowledge that equally substantial negative AOD trends along the eastern seaboard (Figure 4b) roughly corresponded to positive temperature trends (Figure 2b). Furthermore, extreme warming in eastern Texas did not correspond to equally notable aerosol trends (Figure 2b), suggesting eminent contributions from other meteorological and climatic factors. We also note that while temperature and aerosol trends did co-vary at the regionally-averaged scale, they did not do so at smaller spatial scales; further investigation is necessary to determine why the aerosol effect was not more geographically targeted, though other regional aerosol-specific studies may help elucidate why [56,57]. Going forward, we feel that this work would benefit from the integration of several ground-based observations, including, but not limited to, lidar, ceilometers and photometers. The Aerosol Robotic Network (AERONET), for example, can provide a more direct measure of AOD with potential to characterize aerosol properties, which, when combined with surface radiation measurements, can help elucidate more regionally targeted anomalies [58]. Futhermore, in this work, vertically resolved measurements were critical toward explaining the atmospheric warming and surface radiative response to changing aerosol burden. While the network of ground-based lidar equipment (MPLNET: https://mplnet.gsfc.nasa.gov/) does not currently include data within our study domain, these data are valuable for similar or expanded studies of this problem and further work should attempt to utilize any vertically-resolved aerosol data that may be available now or in the future.



Despite many caveats, this study presents evidence that aerosols played a first-order role in accelerating positive surface temperature trends in the SEUS in recent years. It follows, then, that degraded air quality and aerosol forcing in other regions may similarly be masking climate warming effects within surface temperature records. This is especially true for regions with extremely poor air quality like northern India and eastern China [59,60,61,62]. This study provides contextual evidence for considering aerosol radiative effects and regional cooling when interpreting corresponding surface temperature trends. The logical next step includes characterizing the relative contribution of air quality improvements in the SEUS to increased warming using a regional climate model (such as the Weather Research and Forecasting model); we anticipate running these simulations in the near term.
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