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Abstract

:

The heat imbalance is the fundamental driver for the atmospheric circulation. Therefore, it is crucially important to understand how it responds to global warming. In this study, the role of the ocean in reshaping the atmospheric meridional heat imbalance is explored based on observations and climate simulations. We found that ocean tends to strengthen the meridional heat imbalance over the mid-latitudes. This is primarily because of the uneven ocean heat uptake between the subtropical and subpolar oceans. Under global warming, the subtropical ocean absorbs relatively less heat as the water there is well stratified. In contrast, the subpolar ocean is the primary region where the ocean heat uptake takes place, because the subpolar ocean is dominated by upwelling, strong mixing, and overturning circulation. We propose that the enhanced meridional heat imbalance may potentially contribute to strengthening the water cycle, westerlies, jet stream, and mid-latitude storms.






Keywords:


global warming; turbulent heat fluxes; heat imbalance; air-sea interaction; subtropical ocean; subpolar ocean












1. Introduction


The uneven heat distribution between the tropics and the poles is the fundamental driver for the atmospheric circulation [1]. Therefore, to understand how the climate will change in the future, it is important to know how the heat imbalance responds to global warming.



As the lower boundary of the atmosphere, the oceans impact the weather and climate primarily by exchanging heat with the atmosphere [2]. There are two forms of heat exchanges between the atmosphere and the ocean, i.e., shortwave and longwave radiations as well as the turbulent heat fluxes (THF) of latent and sensible heat. Among which, the THF primarily explain the variability of ocean-atmosphere heat exchange, and are commonly referred to as the language of ocean-atmosphere interaction [3,4]. The variability of THF reflects the ocean-atmosphere interaction on multiple temporal and spatial scales.



On a mesoscale, ocean fuels storms by supplying water vapour and latent heat flux, causing extreme precipitation and strong winds [5,6]. On the basin scale, the El Nino-Southern Oscillation (ENSO) cycle associated with strong THF variability [7], leads to climate extremes across the world [8,9,10]. On a multi-decadal timescale, sea surface temperature (SST) anomalies control the variability of THF over the North Atlantic Ocean [3] and shape the climate over North America and Europe [11,12]. Under global warming, significant increases of THF over the subtropical extensions of western boundary currents are identified as an indicator of intensification and poleward shift of the western boundary currents [13,14]. On shorter timescale, the winter cold air over the Labrador Sea introduces a variability of ocean surface THF and triggers the ocean convective overturning, contributing to the Atlantic Meridional Overturning Circulation (AMOC) [15,16,17]. Knowledge of THF variability is vital for the understanding of the coupled climate system.



In the present paper, we investigate the trend of ocean surface THF in the framework of zonal mean distribution. We demonstrate that the subtropical ocean tends to release more THF compared to that of the subpolar ocean. Our results, supported by both observations and climate simulations, highlight that ocean induces a strengthening meridional heat imbalance over the mid-latitude, even though there is an overall weakening meridional heat imbalance as a consequence of polar amplification [18,19].




2. Data and Method


Four observational THF datasets were used to investigate trends in THF. They are the Objectively Analyzed Air-Sea Heat Fluxes for the Global Ice-Free Oceans (OAFlux, 1958–2018) [20], the NCEP/NCAR Reanalysis 1 (1948–2018) [21], the NCEP-DOE Reanalysis 2 (1979–2018) [22], and the ERA-Interim (1979–2018) [23]. Moreover, the observational ocean temperature data from the Global Ocean Heat and Salt Content dataset (1955–2018) [24] was used to examine the vertical ocean temperature trend. The ocean reanalysis dataset, Simple Ocean Data Assimilation (SODA2.2.0, 1948–2008) [25], was also used to investigate the mechanism.



To evaluate the response of ocean surface THF under global warming, climate model simulations based on the historical (1979–2005) and Representative Concentration Pathway 4.5 (RCP4.5, 2006–2100) experiments from the Coupled Model Intercomparison Project Phase 5 (CMIP5) [26] were used as well. The historical experiment was designed to hindcast the recent past climate, in which the climate is forced by historical evolutions of greenhouse gases, ozone, land-use, aerosols, volcano eruption, and solar radiation. The RCP4.5 experiment is a medium range emission scenario which has the largest ensemble members among other scenarios within the CMIP5 [26]. A total of 31 climate models are included to obtain the multi-model ensemble trends. By averaging a large ensembles of climate simulations, the amplitude of the natural climate variability is substantially reduced. Therefore, the multi-model ensemble trends are treated as the real forced climate trends [27]. Detailed information on the models we use is summarized in Table 1.



Considering that the available observational records cover a relatively short period, natural variations, such as ENSO, may contribute to the linear trend in these datasets. To eliminate the influence of ENSO variability on the trend analysis, we identified and removed it from the observational THF datasets by applying a linear regression of Nino 3.4 index [28] against the THF data. A similar approach has also been used by Ionita et al. [29].




3. Enhanced Mid-Latitude Meridional Heat Imbalance Induced by the Ocean


Since THF datasets differ in their temporal coverage, here, we present the linear trend of THF in their overlapped period, i.e., 1979–2018. As presented in Figure 1, the observational data shows that a large fraction of the tropical and subtropical oceans experienced a positive trend of THF, indicating an increased ocean heat release into the atmosphere. In contrast, negative trends of THF mostly present themselves over the Southern Ocean, the North Atlantic subpolar ocean, and the North Pacific subpolar ocean, suggesting that these regions tend to release less heat into the atmosphere. We noticed that individual datasets present distinct details of THF trends. However, these datasets generally agree on the fact that positive/negative trends of THF dominate the subtropical/subpolar oceans, respectively.



Comparing with the observational results, the historical and RCP4.5 climate simulations also show an overall positive trend of THF over the low latitude regions, while negative THF trends occupy the subpolar oceans (Figure 1B,C). The zonal mean distribution of THF trends implies that the atmospheric heat imbalance over the mid-latitude has strengthened. Besides the common characteristic of zonal mean heat flux trend, both observations and climate models showed significant positive THF trends over the subtropical extensions of western boundary currents, especially over the Southern Hemisphere. This is primarily induced by the strengthening and poleward shift of the subtropical western boundary currents, as identified by Yang et al. [13,14].



It is worth noting that the CMIP5 models projected a much stronger decrease of THF over the North Atlantic subpolar ocean, which is different from the observations. This is due to a significant decrease in the northward oceanic heat transport as a result of weakening AMOC in the CMIP5 simulations [30]. In contrast, observations did not show a similar weakening AMOC during 1979–2018 [31]. Besides the discrepancy over the North Atlantic Ocean, we also noticed that the simulated magnitude of the THF trend was much smaller than that of the observations. Such a discrepancy may be partially due to the natural climate variability within the observations. Alternatively, it may be also be because of the uncertainty of the physical processes’ parameterization in the climate models. Our preliminary analysis indicated that climate models in general underestimate the variability of THF in compared with observations. Further investigations are needed to provide more robust clues on such a discrepancy. However, in the present paper, we primarily focus on the reason for the enhanced mid-latitude heat imbalance.




4. Mechanism


Given that the ocean surface heat fluxes are related to the ocean temperature change, accordingly, to understand the mechanism of enhanced mid-latitude heat imbalance, we examine the vertical ocean temperature trends (Figure 2). Observation shows that the ocean warming over the low latitudes were mostly limited to the upper layers (within 200 m), while the warming over the mid and higher latitudes were found at both surface and deeper oceans (up to 700 m, note that observational data only records the temperature change in the upper 700 m). Consistent with this observation, climate simulations also presented a relative shallow warming at low latitudes and deeper warming over the higher latitudes. It is worth mentioning that there was also a warming signal below 300 m over the low latitude regions. However, such a warming signal was originally generated from the higher latitudes, as illustrated by the contour lines.



To understand why the trends of vertical ocean temperature have different characteristics between low latitude and high latitude, we present the background climatology ocean conditions in Figure 3. As shown, the tropical and subtropical ocean is characterized by warm/light surface water and cold/dense deep water. Therefore, the low-latitude ocean is well stratified and the vertical heat exchange is suppressed. Consequently, under global warming, the ocean temperature increases over the low latitude is constrained at the surface and subsurface (Figure 2). In contrast, over the subpolar oceans, the surface water is relative dense due to cold surface conditions. In addition, the near surface westerly winds produce upwelling and strong mixing, which enhance the water exchange between the surface and deeper ocean. Hence, the subpolar ocean is the region where deep water is formulated. In a warming climate, the subpolar oceans are the primary gateway for transporting surface heat into deep ocean. The surface warming over the subpolar ocean is highly coupled to the warming in the deep ocean [32].



For these reasons, under global warming, the SST increases over the low latitude are much faster than that over the subpolar oceans. As shown in Figure 4, under the RCP4.5 scenario, the SST trend over the low-latitude (between   45 °   S and   45 °   N) was on the order of 0.8–1.2 degree Celsius, while the SST trend over the subpolar ocean (between   45 °   and   70 °  ) was on the order of 0.2–0.8 degree Celsius in 2100. A warmer low-latitude surface ocean tended to enhance the ocean heat release into the atmosphere, and vice versa for the subpolar ocean. Such mechanism maintained a stronger heat imbalance between the low and high latitudes, in particularly over the mid-latitude bands.



Over the North Atlantic Ocean, the weakening of AMOC under global warming [33,34], transports less heat from low-latitude towards higher latitudes, which further reduces the ocean heat release over the Northern Atlantic subpolar ocean, causing an additional enhanced meridional heat imbalance over there.




5. Discussion and Conclusions


In this study, we presented both observational and modelling trends of ocean surface THF. The results showed more ocean heat uptake over the subpolar oceans than that over the tropical and subtropical oceans. We proposed that the greenhouse gases induced warming was trapped within the upper ocean over the low latitude zones, while the heat could transport into the deep ocean over the subpolar regions. The different responses of ocean warming to the radiation forcing introduced an enhanced atmospheric heat imbalance over the mid-latitude.



The mid-latitude bands are the regions where the storms, jet stream, and westerlies occur [35,36], primarily due to the strong meridional heat imbalance [37]. Under global warming, a strengthening mid-latitude heat imbalance are proposed to force stronger westerlies, jet stream, and storms, as illustrated by model projections [38,39].



It is believed that polar atmosphere experiences more warming than the lower latitudes under global warming, a phenomenon which is called polar amplification [18,19]. In contrast to atmospheric polar amplification, however, our results indicated that the tropical and subtropical oceans tended to warm faster due to ocean stratification. Regarding the low-latitude bands already being the warmest regions on the Earth, the faster ocean surface warming will put additional living pressure to the humans inhabited there.



The subtropical oceans are characterized by more evaporation than precipitation, associating with dry climate over the adjacent continents, such as the Sahara Desert and semi-arid Australia. In contrast, the subpolar oceans are featured by more precipitation than evaporation, contributing to a wet climate, like Europe. The strengthening heat imbalance between the subtropical and subpolar ocean is supposed to reinforce the evaporation over the subtropical regions and strengthen the water cycle, as revealed by the ocean salinity trend [40,41,42].



Last but not least, we identified an enhanced meridional heat imbalance based on the past four decades of observations and two transient experiments (historical and RCP4.5) from the CMIP5. In both cases, the climates are approaching into a warming world, in which the ocean keeps absorbing heat from the atmosphere. However, we need to point out that such processes are likely to occur only in a transient climate. In an equilibrium warmer climate, when the ocean does not experience a warming trend, the situation may be different from what we have observed here.
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Figure 1. Linear trend of ocean surface turbulent heat fluxes (THF, positive upward). The datasets and models used to derive the results are listed below each panel. (A) Observational trend of THF during 1979–2018 based on four THF datasets. The ENSO (El Nino-Southern Oscillation) signal has been removed before calculating the linear trend. Stippling indicates region where the trend pass a 95% confidence level (Student’s t-test). The right panel gives the zonal mean profile of THF trend. Grey shading illustrates the standard deviation of THF variations. The coloured lines present the THF trend from individual datasets. (B) Simulated trend of THF based on the CMIP5/historical (1979–2018) experiment. Since historical experiment only covers the period until 2005, the results are extended into 2018 based on the CMIP5/RCP4.5 experiment. Stippling illustrate region where at least 2/3 of the models agree on the sign of the trend. The right panel gives the zonal mean profile of THF trend. Grey shading illustrates the standard deviation of model projections. (C) is similar to (B), but the results are based on the CMIP5/RCP4.5 experiment (2006–2100). 
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Figure 2. Vertical distribution of zonal mean ocean temperature trend. (A) Observational result based on the Global Ocean Heat and Salt Content dataset (1979–2018) [24]. The stippling indicates region where the trend pass 95% confidence level (Student’s t-test). (B) multi-model ensemble trend of ocean temperature. Results based on multi-model simulations under the CMIP5/RCP4.5 scenario (2006–2100). Stippling indicates regions where the trends are stronger than two times of the standard deviation of the internal variability. 
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Figure 3. (A) Climatology ocean water temperature (shading) and density (contours). (B) Climatological streamfunction of globally meridional overturning circulation. Results based on the ocean reanalysis dataset Simple Ocean Data Assimilation (SODA2.2.0, 1948–2008). Note that the y-axis has been scaled in order to better present the entire vertical structure. 
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Figure 4. Multi-model ensemble zonal mean sea surface temperature anomaly (in comparison with the SST ( sea surface temperature) between 2006–2010) under the CMIP5/RCP4.5 scenario. The coloured lines represent individual years. 
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Table 1. List of CMIP5 (Coupled Model Intercomparison Project Phase 5) models used in this study.
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	Model Name
	Institutions





	BCC-CSM1-1
	Beijing Climate Center, China Meteorological Administration



	BNU-ESM
	College of Global Change and Earth System Science, Beijing Normal University



	CanESM2
	Canadian Centre for Climate Modelling and Analysis



	CCSM4
	National Center for Atmospheric Research



	CESM1-BGC
	National Science Foundation, Department of Energy, National Center for Atmospheric Research



	CESM1-CAM5
	National Science Foundation, Department of Energy, National Center for Atmospheric Research



	CNRM-CM5
	Centre National de Recherches Meteorologiques/Centre Europeen de Recherche et Formation Avancees en Calcul Scientifique



	CSIRO-Mk3.6.0
	Commonwealth Scientific and Industrial Research Organisation in collaboration with the Queensland Climate Change Centre of Excellence



	FGOALS-g2
	LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences; and CESS, Tsinghua University



	FIO-ESM
	The First Institute of Oceanography, SOA, China



	GFDL-CM2.1
	Geophysical Fluid Dynamics Laboratory



	GFDL-CM3
	Geophysical Fluid Dynamics Laboratory



	GFDL-ESM2G
	Geophysical Fluid Dynamics Laboratory
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