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Strong contribution from sensible
heat to global precipitation
increase in climate models is not
supported by observational based
data

Gunnar Myhre*, Caroline Jouan, Camilla Weum Stjern and
@ivind Hodnebrog

CICERO Center for International Climate Research, Oslo, Norway

It has previously been shown that trends in sensible heat from climate models have
had a substantial contribution to global precipitation changes. We illustrate that
this is the case also in the most recent Coupled Model Intercomparison Project
Phase 6 (CMIP6). However, we find that over the period since 1980 reanalyses
do not support the reduction in sensible heat from the CMIP6 models and rather
estimate a global increase in sensible heat which would contribute to a precipitation
reduction. Satellite data over a period of two decades over global ocean generally
show an opposite sign of the sensible heat trend to the CMIP6 models, similarly
to the reanalyses.
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1 Introduction

Sensible heat, which involves transfer of heat from the Earth’s surface to the atmosphere
without a phase change, depends on factors such as the temperature difference between the
surface and the overlying air, turbulence, and convection. It currently ranks among the most
uncertain components in the global energy budget (Stephens et al., 2012; TEcuyer et al., 2015;
Forster et al., 2021), and its response to climate change remains relatively poorly understood.
Sensible heat is a key component of the surface energy budget and an important factor for
global precipitation changes (O’Gorman et al., 2012). This can be illustrated by the equation
linking precipitation (P) and sensible heat (SH) with atmospheric radiative cooling (dQ):

LdP=dQ-dSH (1)

Where L is the constant for latent heat of vaporization. In climate models, the global
atmospheric energy budget, unlike budgets for the top of the atmosphere and surface,
tends to quickly return to equilibrium following a large perturbation by a climate driver
(e.g., a doubling of the CO, concentration) (Stjern et al., 2023a). This implies that
Equation 1 on a global scale is valid in transient climate model simulations. Myhre et al.
(2018) showed that the latent heating associated with global mean precipitation change
(LdP) was equal to the change in sensible heat (dSH) over the industrial era in Coupled
Model Intercomparison Project Phase 5 (CMIP5) model simulations. This means that the
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radiative cooling term in Equation 1 is zero in the multi-model
global mean. Surface warming over the historical period has
initiated atmospheric radiative cooling (Mitchell et al., 1987; Allen
and Ingram, 2002), but the increase in certain greenhouse gases
and aerosols, notably CO, and black carbon (BC), has initially
resulted in atmospheric radiative heating (Myhre et al., 2018). The
global mean changes in sensible heat flux and precipitation up to
present day relative to pre-industrial are less than 1 Wm™2, but the
magnitudes of the atmospheric radiative cooling due to surface
temperature increase (and associated warming of the troposphere)
and the radiative heating from gases and aerosols both exceed 2
Wm™? (Myhre et al., 2018). Thus, although the magnitude of the
atmospheric cooling and heating terms are individually larger than
the sensible heat term, they cancel each other out in the CMIP5
multi-model mean at present day (see Figure 8 in Myhre
et al., 2018).

It is important to understand the present and historical
contribution of sensible heat to precipitation, as this role is likely
to change in the future when the balance of greenhouse gases and
aerosols (and thus the balance of atmospheric warming and
cooling forcers) shifts.

Several studies have compared sensible heat from the more
recent CMIP6 models with sensible heat fluxes from satellite data
over ocean (Zhou et al., 2022) and with reanalysis over land (Li
et al, 2021). Such comparisons are challenged by observational
uncertainties due to insufficient measurements coverage (Bentamy
etal., 2017b; Yu, 2019; Forster et al., 2021). Differences in sensible
heat between various satellite products can reach up to 5 Wm™
regionally. However, the aim of these studies has been to quantify
the present-day magnitude of fluxes.

Here, we perform an updated version of the analyses in Myhre
etal. (2018) using CMIP6 models, focusing on how the relationship
between precipitation and sensible heat has evolved over the
historical period. To our knowledge, no study has looked at trends
in global sensible heat in the CMIP6 models. Furthermore,
we compare and evaluate these trends with reanalysis and satellite
data to assess how the contribution of sensible heat to global
precipitation trends differs between models and observations.

2 Materials and methods

CMIP6 data
Supplementary Table S1 for the list of 16 models), and utilize

We use (Eyring et al, 2016; see
simulations from the historical experiment (1850-2014) combined
with SSP370 (O'Neill et al., 2017) for 2015-2100. Reanalysis data
from ECMWF Reanalysis 5 (ERA5) (Hersbach et al., 2020) and
Modern-Era Retrospective analysis for Research and Application,
Version 2 (MERRAZ2) (Gelaro et al., 2017) are compared to the
CMIP6 models. ERA5 is based on the Integrated Forecasting
System (IFS) with data going back to 1940. MERRA2 consists of
data from 1980.

MERRAZ2 (Gelaro et al., 2017) is a NASA reanalysis available
since 1980 and has a regular grid of 0.50° latitude x 0.625°
longitude. It assimilates surface winds through a combination of
in-situ and satellite data, including SSM/I, ERS-1(2), ESA
QuikSCAT, WindSat and ASCAT surface wind data. Surface layer
turbulence parameterization follows the schemes of Lock et al.
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(2000) and Helfand and Schubert (1995) for unstable and stable
conditions, respectively. ERA-5 (Hersbach et al., 2020) is an
ECMWEF reanalysis available since 1979 to present and has a
regular grid of 0.25° latitude x 0.25° longitude. It assimilates
surface winds through a combination of in-situ and satellite data,
including GMI, SSMI/I, AMSR-2(E), TMI, ERS-1(2), OSCAT,
ASCAT, QuikSCAT surface wind data. Surface layer turbulence
parameterization follows the Tiled ECMWF Scheme for Surface
Exchanges over Land (H-TESSEL) (Balsamo et al., 2015).

We analyze surface sensible heat flux datasets from five
satellite-derived products: GSSTF (Goddard Satellite-based Surface
Turbulent Fluxes, NASA, United States) version 3.0 (Shie et al.,
2009); J-OFURO (Japanese Ocean Flux datasets with Use of
Remote sensing Observations, Japan) versions 3.0 (Tomita et al.,
2019); IFREMER (Institut Frangais pour la Recherche et
I'Exploitation de la MER, France) version 4.1 (Bentamy et al., 2013;
Bentamy et al., 2017a); HOAPS (Hamburg Ocean Atmosphere
Parameters and fluxes from Satellite, Germany) version 4.0
(Andersson etal., 2010); and OAFlux (Objectively Analyzed air-sea
Fluxes, WHOI, United States) version 3 (Yu and Weller, 2007; Jin
etal., 2015).

Supplementary Table 52 compares the major features of the five
satellite-derived datasets. Collectively, these products employ a
common bulk parameterization method, such as the Coupled
Ocean-Atmosphere Response Experiment (COARE) algorithm
(Fairall et al., 2003), to estimate turbulent heat fluxes at the ocean
surface using satellite data. GSSFTF3 employs its own bulk
parameterization method (Shie et al., 2009).

The bulk parametrization algorithm requires input data such as
surface wind speed, air temperature, specific humidity (especially for
retrieving latent heat flux, which is not our focus here), and sea surface
temperature. Surface wind speed is primarily obtained from
radiometers like the Special Sensor Microwave/Imager (SSMI/I) and/
or scatterometers like the Quick Scatterometer (QuickSCAT). Specific
humidity is mainly derived from brightness temperature
measurements from satellite radiometers. Sea surface temperature can
be sourced from various observations and/or re-analyses, while air
surface temperature primarily comes from re-analyses.

The OAFlux product differs from others by combining bulk
variables derived both from satellites and those from reanalysis.
Analysis focuses on open ocean regions (free of ice) since these
satellite products are not able to produce estimates over sea ice.

Uncertainty is given by 95% confidence interval (CI) for
re-analysis, as well as for model ensembles, by assuming normal
distributions. For re-analysis (only 1 realization), the confidence
interval is calculated as 95%CI =1.96 x SE where SE is the standard-
error associated with the linear fit, 1.96 is the critical value. For model
ensembles (multiple realizations), the model ensemble mean
confidence interval is calculated as in Equation 2:

n
95%CI =1.96 % |SE2, + 3 SE? )
i=0

where SE,,, is the standard-error of trends in the ensemble mean,
SE; is the standard-error associated with each linear fits i of trends and
n is the number of realizations in the ensemble. SE,,,, and SE; are added
in quadrature since they are supposed to be independent uncertainties.
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3 Results

3.1 Precipitation and sensible heat in
CMIP6 simulations

Figure 1 presents an updated version of the CMIP5 illustration by
Myhre et al. (2018) demonstrating the terms for global means of
precipitation and sensible heat from Equation I, now incorporating
CMIP6 data. In the CMIP6 multi-model global mean the cross-over
between changes in precipitation and sensible heat is in the period
2020-2030. It is important to note that all CMIP6 models in Figure 1
exhibit a reduction in global mean sensible heat at present relative to
pre-industrial conditions.

3.2 Comparison of sensible heat between
CMIP6 models and re-analysis

Reanalysis data offer a comprehensive view of past weather and
climate. They combine observations with short-range weather
forecasts. Reanalysis provides continuous records even if there are
gaps in some of the observations. ERA5 and MERRA?2 are among the
most used reanalysis products. Notably, there is a divergence in the
trend of sensible heat on a global scale between the two reanalysis and
the multi-model mean in CMIP6 over the period from 1980 to 2022
as shown in Figure 2. The pattern in the two reanalysis is somewhat
different. ERA5 has a stronger positive trend in the sensible heat
(contributing to a global mean precipitation reduction) over land
than in MERRA2 and MERRA? has stronger positive sensible heat
trend over ocean than for ERA. In contrast, CMIP6 models display a
negative sensible heat trend, contributing to a global mean
precipitation increase. This negative trend is particularly prominent
over the ocean. Table 1 clearly shows the different land and ocean
trends between the two reanalyses. The signs of the trends over land
and ocean in the multi-model mean of CMIP6 models are equal to in
ERAS5, but magnitudes of the trends are very different (see also
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FIGURE 1

Global mean historical and future precipitation and sensible heat
changes from 1850, from a selection of CMIP6 models. Future
simulations are based on the SSP370 scenario. The solid line shows
the multi-model mean of the CMIP6 models, and + 1 standard
deviation across the model sample is shown as a band. Sensible heat
is given as a reduction in the upward surface flux and positive values
thus show a contribution to increased precipitation according to
Equation 1.
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Supplementary Figure S1). Adding the standard-error associated to
the linear fits on the model ensemble means confidence interval,
result in relatively large uncertainties over land but not over ocean.
The consistent pattern over India across reanalysis and CMIP6
models (see Supplementary Figure S2 with gray shading over
non-significant areas), showing a reduction in sensible heat with
varying degrees of magnitude and extend beyond India, is likely
caused by increasing abundance of aerosols and in particular BC
(Myhre etal., 2018). BC stabilizes the lower atmosphere (Myhre et al.,
2018) by heating the troposphere while causing less surface warming
and, in some cases, even local cooling (Stjern et al., 2017). This
process reduces turbulence in the boundary layer (Stjern et al., 2023b)
and is likely the primary factor responsible for the reduction in
sensible heat caused by BC.

Figure 3 shows the change in global mean sensible heat for the
period 1980-2022 from the linear trend for individual CMIP6 models
and two reanalyses. The magnitude of the sensible heat reduction in
the CMIP6 models varies, but all show a reduction which is
contrasting the reanalysis.

3.3 Comparison of sensible heat between
CMIP6 models and satellite data

Figure 4 shows the change in sensible heat over ocean in the
period 1988-2008 for four distinct satellite products (GSSTF left out
due to sparse coverage), two reanalyses, and the multi-model mean
of CMIP6 models. For the period 1988-2008 all satellite products
and the two reanalyses have an increase in the surface sensible heat
over ocean, with one exception (OAFLUX). OAFLUX has a weak
reduction in sensible heat over ocean and in magnitude weaker than
the other satellite products. HOAPSv40 has the largest increase in
sensible heat over ocean among the satellite products and much
larger than the reanalysis. The spatial pattern of change in sensible
heat differs strongly among the datasets in Figure 4, with one
exception that all datasets have a reduction in the sensible heat south
of Greenland, including the multi-model mean of the CMIP6
models. While J-OFURO utilizes diverse satellite sources to retrieve
bulk meteorological variables, GSSTF relies primarily on SSM/I
radiometer measurements. This may explain the non-uniform
GSSTF mask, likely due to missing auxiliary data to fill gaps (see
Supplementary Figure S3).

4 Discussion and conclusion

We have shown that CMIP6 models similar to CMIP5 exhibit a
reduced global surface sensible heat at present relative to the
pre-industrial era that is equal to the global mean increase in
precipitation. This balance between global precipitation change and
sensible heat change implies that the radiative cooling term in
Equation 1 is zero. Consequently, atmospheric radiative cooling
caused by surface warming and the associated tropospheric
temperature change (Allen and Ingram, 2002) and atmospheric
radiative heating, mainly from CO, and BC, are in close balance
(Myhre et al., 2018).

Observations also indicate a global precipitation increase (Allan
et al., 2020). However, the reduced sensible heat from CMIP6 models
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FIGURE 2
Geographical distribution of the linear trend in sensible heat (W m=2 yr.71) 1980-2022 for the two reanalysis ERA5 (a) and MERRA (b) and the multi-
model mean of CMIP6 models (c).
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TABLE 1 Trends in surface sensible heat 1980-2022 (W m~2 yr.™%) for reanalysis (ERA5 and MERRA2) and multi-model mean of 16 CMIP6 models.

MERRA2
Land 0.057+0.010 —0.009 £0.024 0.003+0.036
Ocean —0.006+0.006 0.026+0.008 —0.017+0.009

Uncertainties are given as 95% confidence interval (see section 2).

ACCESS-CM2
ACCESS-ESM1-5
CAMS-CSM1-0
CESM2
CNRM-CM6-1
CNRM-ESM2-1
EC-Earth3
EC-Earth3-Veg
FGOALS-g3
INM-CM5-0
IPSL-CMBA-LR
MIROC6
MPI-ESM1-2-HR
MRI-ESM2-0
NorESM2-MM
UKESM1-0-LL

FIGURE 3
Global mean changes in sensible heat (Wm~2) from a linear trend 1980-2022 for individual CMIP6 models and two reanalyses.

a) ERAS from 1988 to 2008 b) J-OFURO3 from 1988 to 2008 c) HOAPSv40 from 1988 to 2008
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FIGURE 4

Linear trend in sensible heat (W m~2 yr.”!) over ocean from 1988 to 2008 for four satellite products (b,c,ef), two reanalysis (a,d), and the multi-model
mean from CMIP6 models (g). Data was regridded to a uniform 0.25-degree resolution in latitude and longitude. A mask was then applied to indicate
the presence of data in each cell across the four satellite datasets.

is not supported by satellite data and reanalysis. Conversely, these Myhre et al. (2018) found that changes in lower tropospheric
datasets suggest an increase in sensible heat which would contribute  stability are a main factor in driving the size and pattern of the changes
to reduced global precipitation. in sensible heat. More specifically, different climate drivers exert a
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different vertical temperature profile, with BC being special due to its
strong solar absorption, and thereby heating and stabilization, of the
atmosphere (Stjern et al., 2023a; Stjern et al., 2023b). As the increase
in global BC emissions in recent decades in CMIP6 emission
inventories has later been revised downwards (McDuffie et al., 2020),
the effect of BC may be overestimated in the historical experiment in
CMIP6 and, thus, exert a too strong stabilization of the lower
troposphere. This stabilization could be a contributing factor for the
reduction in sensible heat from the surface in CMIP6 models. In
contrast, anthropogenic BC emissions are constant from 2006
onwards in MERRA-2 (Randles et al., 2017). However, there is little
evidence supporting that the atmospheric radiative heating in CMIP6
models from BC is too strong, it appears to be the opposite (Chen
et al,, 2022). Potentially different representation of time evolution of
other aerosols and greenhouse gas concentrations in CMIP6 and the
reanalyses could also influence lower tropospheric stability and
sensible heat fluxes. To better assess underlying causes for differences
in sensible heat trends between CMIP6 and reanalyses, follow-up
work should analyze lower tropospheric stability in the different
datasets and also compare other variables important for sensible heat,
such as differences in soil moisture (Qiao et al., 2022), which could
influence the Bowen ratio and thereby affect sensible heat fluxes
over land.

This inconsistency between CMIP6 models and observations on
the global atmospheric energy budget is important to understand to
achieve confidence in estimates of precipitation changes in
CMIP models.
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