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Relationships among top-of-atmosphere
radiation and atmospheric state variables
in observations and CESM

Kevin E. Trenberth’, Yongxin Zhang', and John T. Fasullo’

"National Center for Atmospheric Research, Boulder, Colorado, USA

Abstract A detailed examination is made in both observations and the Community Earth System Model
(CESM) of relationships among top-of-atmosphere radiation, water vapor, temperatures, and precipitation
for 2000-2014 to assess the origins of radiative perturbations and climate feedbacks empirically. The 30-member
large ensemble coupled runs are analyzed along with one run with specified sea surface temperatures for 1994 to
2005 (to avoid volcanic eruptions). The vertical structure of the CESM temperature profile tends to be top heavy
in the model, with too much deep convection and not enough lower stratospheric cooling as part of the response
to tropospheric heating. There is too much absorbed solar radiation (ASR) over the Southern Oceans and not
enough in the tropics, and El Nifio-Southern Oscillation (ENSO) is too large in amplitude in this version of the
model. However, the covariability of monthly mean anomalies produces remarkably good replication of most of
the observed relationships. There is a lot more high-frequency variability in radiative fluxes than in temperature,
highlighting the role of clouds and transient weather systems in the radiation statistics. Over the Warm Pool in
the tropical western Pacific and Indian Oceans, where nonlocal effects from the Walker circulation driven by
the ENSO events are important, several related biases emerge: in response to high SST anomalies there is more
precipitation, water vapor, and cloud and less ASR and outgoing longwave radiation in the model than observed.
Different model global mean trends are evident, however, possibly hinting at too much positive cloud feedback in
the model.

1. Introduction

Developing a predictive understanding of feedbacks in the climate system is critical for advancing knowledge
of processes and their representation in climate models. The predominant human influence is through the
changing composition of the atmosphere, especially through burning of fossil fuels and increasing greenhouse
gases, thereby interfering with the ability of the planet to radiate heat to space. Yet this forced component of
the energy imbalance is difficult to measure quite aside from the observational difficulties owing to the large
natural variability associated with day-to-day weather that constitutes a form of climate noise. In this paper
the focus is on the relatively high-frequency (monthly) relationships among a number of variables mainly
within the atmosphere related to Earth’s energy imbalance and how well they are simulated in the
National Center for Atmospheric Research (NCAR) Community Earth System Model (CESM). However, we also
have to deal with the trends that emerge even in the short 15 year period of the primary analysis.

At the top of atmosphere (TOA) observations from Clouds and the Earth’s Radiant Energy System (CERES)
[Loeb et al., 2009] have been used to examine the covariability with critical atmospheric variables that influ-
ence radiation. These data begin in March 2000, and that limits the time frame of this study. The net radiation
at the TOA (Ry) consists of two components, the absorbed solar radiation (ASR) and the outgoing longwave
radiation (OLR) such that Rr=ASR — OLR is positive downward. Trenberth et al. [2015] have examined the
mean and anomalies of these fields and their covariability with temperatures throughout the atmosphere,
total column water vapor (Wv), and sea surface temperature (SST). Of particular interest in that study were
not just the relationships among the global mean fields but also the spatial patterns of correlations and
regression coefficients and thus how the local relationships cancel or reinforce each other to result in the
global means. Using a model enables us to examine not only these fields but also model clouds, and we
further add precipitation, both to serve as a proxy for cloud and convection and owing to their direct
influence on surface temperature over land. The main updated observational results in Trenberth et al.
[2015] are discussed when and as the model results are introduced.
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The main model used here is CESM1. In Trenberth et al. [2014] we used the NCAR Community Climate System
Model version 4 (CCSM4), but there have been major improvements in the cloud fields in CESM1 in which the
atmospheric model changes from Community Atmosphere Model (CAM) CAM4 to CAM5 [Kay et al., 2012]. We
also use the atmospheric model run with specified sea surface temperatures (SSTs) in so-called AMIP
(Atmospheric Model Intercomparison Project) mode to enable examination of possible effects of biases in
SSTs in the coupled model. Many of the relationships examined here in the model versus observations are
remarkably good, but the discrepancies that exist are revealing, and we find that the diagnostics illustrated
here are useful for evaluating model performance generally.

As shown in Trenberth et al. [2014, 2015], the variability in the Earth’s energy imbalance is perhaps surprisingly
large on monthly time scales. The standard deviations of monthly global mean anomalies of Ry are on the
order of 0.65W m™2, and hence, fluctuations of +1 W m~2 are common in the net downward radiation. Yet
we seek small climate change signals associated with climate change of just a few tenths of a Wm™2 over
a decade. Most of the monthly variability has very short time scales and is associated with weather systems,
such as the Madden-Julian Oscillation (MJO) in the tropics, or weather noise in the extratropics. Hence, some
of the high-frequency variability is related to partial sampling of weather systems (part in one month and part
in the next); at the surface, increased cloud reduces ASR and thus cools the surface, which in turn reduces
OLR, and often the reverse happens the next month. Changes in cloud were inferred to play a major role, with
temperatures typically acting as a strong negative feedback, while water vapor mostly amplifies temperature-
related changes [Trenberth et al., 2015]. Only in the tropics, where warm subsiding air is also dry, are water
vapor and temperatures not positively correlated. Given the mostly positive correlations between water
vapor and temperature expected from the Clausius-Clapeyron relationship plus the negative correlations
in tropical regions, it is of considerable interest to see whether models can replicate the structure and
magnitude of these relationships. If it turns out that this is one aspect not done well in models, what are
the implications for feedbacks, the energy imbalance, and climate sensitivity? It is these important questions
we seek to illuminate in this paper.

2. Methods and Data Sets

The main sources of data are given in the Acknowledgments. At the TOA, observations from CERES begin in
March 2000, constituting a nearly 15 year record (through October 2014 for this study), and have been used
to examine the covariability with critical atmospheric variables that influence the radiation. We use the TOA
shortwave, longwave, and net radiative fluxes, monthly on 1°x 1° grids, and “Energy Balanced and Filled”
updated to version Ed2.8 [Loeb et al., 2009, 2012]. To the extent that the TOA solar irradiance is a function
of season and latitude, anomalies in ASR are simply opposite to those in reflected shortwave radiation,
although changes in irradiance such as with the 11 year solar cycle alter this.

The temperatures and water vapor come from analyzed fields from European Centre for Medium-Range
Weather Forecasts-Interim (ERA-I) reanalysis [Dee et al., 2011]. Observed cloud fields were deemed too
uncertain, and comparison with models too subjective, to be included. Surface air temperature and
humidity trends over land in the ERA-I reanalysis compare well with observations [Simmons et al.,
2010, 2014]. Simmons et al. [2014] demonstrate the excellent quality of ERA-I tropospheric temperatures,
except that a change in source of SST data led to a shift to cooler SSTs by about 0.1K in mid-2001 and
thus lower tropospheric warming is somewhat underestimated. Also, there is some spurious variability in
water vapor associated with changes in Special Sensor Microwave Imager data [Trenberth et al., 2011;
Trenberth and Fasullo, 2013al, most notably a marked decrease starting in 1992. However, ERA-I did
not include comprehensive TOA forcings and volcanic aerosols, such as those from the eruption of
Mount Pinatubo in 1991. Accordingly, we have mostly confined diagnostics to the periods after March
2000, the CERES period.

Trenberth et al. [2015] examined the two meter air temperature (T,,,,) and the temperature throughout the
atmosphere (T,y), which was also divided up into the tropospheric temperature (Tiop), Which is the vertical
average below 150 hPa (about 13 km altitude), and the stratospheric temperature (Tgat), above 150 hPa.
Wv was also considered, and the ERA-I reanalysis was used. We continue to use these variables here as well
as precipitation. However, Ty, was defined as the mean temperature from 1000 to 150 hPa and therefore
included a component extrapolated below the surface. To facilitate comparisons with the model, here we
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use the surface to 150 hPa as the definition of Tiqp. This makes very small changes in the values of correlations
and regressions.

For precipitation, we use the monthly fields from the Global Precipitation Climatology Project, GPCP, data set on a
2.5°% 2.5° latitude/longitude grid that begins in 1979 [Adler et al., 2003]. Rain-gauge data, where available, are used
to calibrate merged satellite-based rainfall estimates and to correct systematic bias [Huffman et al., 2009].

The Community Earth System Model Large Ensemble (CESM-LE) [Kay et al., 2015] consists of a 30-member set
of runs using coupled atmosphere, ocean, land, and sea ice model components. The simulations span from
1920 to 2100 using estimated observed historical (through 2005) and Representative Concentration Pathway
8.5 projected external forcings from the Coupled Model Intercomparison Project 5 (CMIP5). For the analysis
here, only simulated intervals spanning the recent historical record with an extension to the end of 2014
(2000-2014) are used in order to increase relevance to observed variability and avoid Pinatubo effects. The
atmospheric component used is the CAMS5.2 [Hurrell et al., 2013] run at 1.25° latitude-longitude resolution.
Divergence in ensemble members is realized by imposing various small (<107 "2K) perturbed initial condi-
tions in the atmospheric temperature field in 1920 based on a single ensemble member beginning in
1850, which itself is initialized from an extended 1850 control run. For the purposes of this work, an important
feature of CESM1(CAMD5) is that it includes the aerosol indirect effects.

A single-member run of CAM5.3 using observed SSTs and a spectral element grid of approximately 1.3° effec-
tive resolution is used for CAM5-AMIP simulations for 1994 to 2005. SSTs are prescribed from observations
from merged Hadley-Optimum Interpolation Sea Surface Temperature and sea ice concentration data sets
[Hurrell et al., 2008]. Standard CMIP5 historical forcings are used including aerosols, solar irradiance, ozone,
and greenhouse gases while observed SST and sea ice fraction are used at the surface. The start date is
chosen to avoid effects of the Pinatubo eruption, and the runs available determine the finish date. As the
period includes the large 1997-1998 El Nifio event, it is of interest to see how robust the results are.

We have performed correlation and regression analyses of the temperatures, total column water vapor, preci-
pitation, and cloud with OLR, ASR, and Ry. These have been performed locally but also as global means, and the
differences between those results and the global mean of the local results can be substantial owing to cancella-
tion, especially via effects of weather systems [Trenberth et al., 2015]. For CESM-LE and ERA-I results the period is
2000-2014, while for the observations involving CERES the period March 2000 to October 2014 is used. In these
cases the two-sided 5% significance level is about 0.15 based on negligible observed monthly autocorrelations.
The 30-member CESM-LE ensemble allows sampling issues to be addressed at least in the model context, and
for this the 5% significance level for correlations is 0.03. Unfortunately, the observational period may not be
very representative owing to the apparent hiatus in the rise of global mean surface temperatures [Trenberth
and Fasullo, 2013b], and none of the model runs replicate the low observed trend (see Figure 4 presented later).
Also, CESM model decadal variability may be underestimated [Brown et al., 2015].

As we shall see, for the model, there are significant trends in the ensemble mean, and accordingly, we have
also computed correlations and regressions after removing the linear trend of the global mean. This was
done to preserve the local relationships and remove only a very smoothed version of the ensemble mean
that is undoubtedly forced. The variance of a series with a trend is

1/12%6% + ¢

where s is the standard deviation (SD) of the detrended series and b is the trend expressed as the change
from the beginning to end in units of the variable. So for T,,,, the trend is on the order of 0.4K over
15 years and b=0.4. The first term is then 0.0133. If s=1 then the variance is 1.013 or the SD is 1.007, i.e,, a
0.7% increase. In fact, s is much larger than this everywhere over land and less than 0.5 only over some
parts of the ocean. Even if the trend is 0.5, and s=0.5, then the variance increase is still only 4%. Hence, it
is not surprising that trends contribute negligibly to the local correlations and the full result is therefore
presented. Only for the global mean fields does the trend make a difference and these are discussed.

3. Temporal Variations and Temperature Relationships

The dominant interannual variations in TOA radiative fluxes in the tropics occur with El Nifio—-Southern
Oscillation (ENSO), which involves a buildup of heat during La Nifia and a discharge of heat during El Nifio
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Figure 1. Observed monthly anomalies for 2000-2014 in global mean
precipitation in mmd ™~ ! ; total column water vapor (Wv) in mm; Tyrop,
Tom, and SST in K; and R, ASR, and OLRin Wm 2 The thin straight line is
the linear trend, and a 12 month running mean is also included.

[Trenberth et al.,, 2002a, 2002b, 2014]. The
SST anomalies during El Nifio events are
sustained by ocean heat transports that
allow the events to persist for a year or
so. However, there is considerable
month-to-month variability associated
with weather fluctuations: storms of all
sorts in the extratropics and the MJO in
the tropics. For 2000 to 2014, the
observed time series (Figure 1) show
no significant trend for Ry, ASR, and
OLR and only small upward trends for
SST, Toms Terops @and Wv while the small
trend in precipitation is negative. The
interannual variability is dominated by
ENSO and has a presence in all variables,
but there is also clearly a lot of super-
posed monthly noise. For 1994-2005
for the observations and the AMIP runs,
a dominant feature is the 1997-1998
El Nifio event (not shown).

To understand the forcing of the CESM-
LE runs, Figure 2 presents the TOA
incoming solar radiation, which exhibits

a sunspot cycle that is realistic but smoothed. It differs very slightly from the observed Solar Radiation and
Climate Experiment (SORCE) value [Kopp, 2014]. Vernier et al. [2011] describe the contributions of aerosols
to forcings in the 2000s, but these are missing in the CMIP5 models including CESM. Contributions of small
volcanoes contribute order 0.1 W m™~2 negative forcing [Trenberth et al., 2014]. The main forcings are the stea-
dily increasing greenhouse gases that were prescribed from observations. The net effect of all forcings can be
best summarized by examining the global mean ocean heat content (OHC) (Figure 2) which shows the effects
of the volcanic eruptions El Chichén in 1982 and Pinatubo in 1991 but the otherwise steady increase in heat-
ing of the planet over the period of our analysis. The increase in OHC from the early 1980s to 2010 on the
order of 2x 10?3 J is similar to estimates of the observed value [Balmaseda et al., 2013].
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Figure 2. (top) The 12 month running mean changes in total ocean heat
content for the individual runs as well as the ensemble mean + 1 standard
deviation (shaded in gray) as an indicator of the total forcing of the system
in 1024, (bottom) For CESM-LE, the 12 month running mean of the TOA
solar irradiance along with observed values from SORCE is shown.

A commonly used index for represent-
ing SST variability associated with
ENSO is the Oceanic Nifio Index of
NOAA (ONI), an area average of monthly
SST anomalies in the region 5°N-5°S,
170°-120°W, referred to as the Nifo3.4
region. Time series of the ONI from all
members of the ensemble (not shown)
reveal that there are large ENSO fluctua-
tions; in fact, they are too large in ampli-
tude by about 44%, as was also the case
for CCSM4 [Deser et al., 2012]. The model
standard deviation for ONI is 1.086°C
versus observed 0.75°C (1900-2011
[Deser et al., 2012]).

The overall trends are best revealed in
the 30-member ensemble global means
(Figure 3). Linear trends are indicated
for all model variables in Figure 3. The
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Figure 3. Ensemble means of several fields averaged over the 30 runs for
2000-2014 monthly anomalies for total cloud fraction; precipitation in
mm d71; Wv in mm; Tyop, Tom, and SST in K; and Ry, ASR, and OLR in
W m™ 2 The standard error of about the ensemble mean is plotted near
the center of the time series as 0 + 20£. The linear trend line is also plotted.

global mean SST increases over the
15years by about 0.3°C, T,,, by 0.4°C,
and Tyop by 04°C, all larger than
observed. Precipitation and total col-
umn water vapor Wv also increase, by
about 0.02mmd~" and 0.6 mm, respec-
tively, while cloud fraction decreases by
0.2%. The net increase in heating is seen
in Ry, which increases by 0.3 Wm ™2 over
the 15 years. However, the main source
of that heating is the increase in ASR
(0.6Wm™2) while OLR contributes to
planetary cooling by 0.3Wm™2 This
perhaps surprising result, given that
the forcing is increased trapping of
longwave radiation by greenhouse
gases, is actually common in models
[Trenberth and Fasullo, 2009] and will
be explored more later.

The entire set of global T,,, time series
(Figure 4) concatenated has a monthly
standard deviation of 0.18°C, and after

detrending each member the value is 0.14°C compared with the ERA-I values of 0.16°C for both (Figure 4).
The linear trends are also shown (Figure 4), and the observed value (0.12°C) is lower than any of the 30
ensemble members and roughly half the lowest model ensemble member trend. This relates to the apparent
hiatus in observed global warming [Trenberth and Fasullo, 2013b]. However, the ERA-I trend is possibly under-
estimated owing to multiple sources of SST used [Dee et al., 2011]. Changes occurred in mid-2001 as well as
January 2002 and 20009. Alternative estimates of global mean temperatures have 2014 as the warmest year on

record, but this is not the case for ERA-I.

Figure 5 presents global mean temperatures from four members of CESM-LE as height time series of anoma-
lies. Figure 5c presents the member with the largest surface trend; Figure 5d presents the one with the smal-
lest, and the others are randomly chosen. A similar plot for the observations for 1979 to 2013 was given in
Trenberth et al. [2015]. The El Nifio events show up as tropospheric warmings in the global mean temperatures
(Figure 5) but with corresponding coolings in the stratosphere above 100 hPa. However, the stratospheric coolings

are nowhere near as distinct in the model results.

00 01 02 03 04 05 06 07 08 09 10 " 12 13 14

Figure 4. All 30 ensemble members of CESM-LE are presented for
monthly global mean anomalies of T, along with an observational
estimate from ERA-l in red. (bottom) The linear trend from each series

is given.

To characterize the vertical structure we
have performed empirical orthogonal
function analysis of all the model runs
and the observations, but the result is
perhaps best seen by simply correlating
global mean values at all levels with the
300 hPa value (Figure 6). We can do this
also individually for each of the 30
ensemble members and thereby form
a standard error of the mean, which is
plotted at several levels. As well as the
full time series at each level we also
use the global detrended values
(dashed lines). The observed value for
1979-1993 is also plotted (dotted) to
bring out the different stratospheric
results when major volcanic eruptions
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Globally averged monthly temperature anomaly
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Figure 5. Four ensemble members of global mean temperature monthly anomaly time series (K). (c) The member with the largest T5, trend and (d) the smallest.

are present. The model correlations at the surface are slightly stronger than the observations, but the main dif-
ferences are above 300 hPa where the model result is “top heavy” with too much penetration of the tropospheric
signal into the lower stratosphere. Cooling trends are strong in the model in the stratosphere going along with
warming in the troposphere, but the detrended values suggest that the fluctuations above 50 hPa have the same
sign and are much bigger than observed. Hence, the reversal in sign observed in the lower stratosphere
30-70hPa is not as strong in the model as observed. It is likely that the former relates to excessive simulated
deep convection in the tropics. It is also evident in the AMIP run with specified SSTs and thus is not primarily a
result of ocean coupling.

Santer et al. [2008] examined the vertical profile of temperature in the tropics for models versus observations.
However, we find that the vertical profile is rather different when volcanic eruptions are included than when they
are excluded (Figure 6). In particular, the observed stratospheric warming with both El Chichén and Pinatubo
greatly influenced the tropopause height [Santer et al., 2003] and penetrated down to 200 hPa [Trenberth et al.,
2015], while this is not the case in the model (not shown). Hence, the modeling of volcanic eruption responses
can be a source of discrepancy in this regard, and this also influences the so-called satellite temperature records
of Santer et al. [2008]. Ozone changes also affect stratospheric temperature trends.

4, Spatial Structure
4.1. Mean Fields

Documentation of only a few of the mean fields is given here for these model runs as we prefer to focus on
the covariability of certain fields. Characteristics of the model precipitation are revealed in comparisons of
the annual mean and the seasonal differences (Figure 7). The AMIP results (not shown) are very similar to
those for the CESM-LE. The annual mean model bias shows excess precipitation over the oceans but
deficits in Southeast Asia and the Amazon region, both strong monsoon regions. By focusing on the
December-January-February (DJF)-June-July-August (JJA) differences in precipitation, we can reveal aspects
of the large forced response to the annual cycle. In observations (Figure 7), the opposite signs north and south
of about the equator reveal both surpluses in summer monsoonal rains and deficits in storm track regions,
where precipitation is greatest in winter. On land at high latitudes, cold temperatures in winter diminish
water availability, and hence, rainfall is greater in summer. The model results reveal slightly stronger seasonal
changes, consistent with a more vigorous hydrological cycle overall. Throughout the tropics over the oceans,
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Correlation with 300 hPa Temperatures especially the Pacific, the errors relate
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Figure 6. Correlations of monthly mean anomalies of global mean Problems in ASR over the Southern

temperatures at each level with that at 300 hPa for ERA-I (red) for 2000-2014, .
CAMS AMIP (blue) for 1994-2005, and CESM-LE (black) for 2000-2014,  Oceans [Gettelman et al, 2012; Kay et al,
On the latter £2 standard error bars are included at several levels. Also 2014] are long-standing [Trenberth and
given are the results for the detrended time series as dashed lines. The ~ Fasullo, 2010] and relate to cloud liquid
red dotted profile is for ERA-I for 1979-1993 to show effects of two water in low-level and midlevel clouds

major volcanic eruptions. on the cold side of cyclonic circulations
[Bodas-Salcedo et al., 2014].

4.2, Local Correlations

Because we are interested in global mean values, and how they come about, the main analysis in this section
is about the local relationships. However, we first examine how the local values of temperature relate to the
global mean for the observations and CESM-LE for T, and Ty, (Figure 9) [cf. Brown et al,, 2015]. The global
Tom Value is correlated with the monthly mean T,,, values in fairly similar ways for the model and observa-
tions (detrending makes little difference). Individual monthly anomalies, not the ensemble mean, are used
for the model. Both feature a strong ENSO pattern component, although the CESM-LE is much stronger in
the eastern Pacific, consistent with the too strong ENSO variations in the model. The global mean of the local
correlations is also greater for the model. The time series for global mean T, differ somewhat from T,
(Figures 1 and 3), and the right plots show that the local correlations feature a fairly zonally symmetric pattern
that, while different from the left plots, also arises from ENSO [Trenberth and Smith, 2006, 2009]. Again, the
values are somewhat stronger in the model.

The local correlations between T,,,, and precipitation (Figure 10) reveal predominantly negative values over
land, except for Antarctica, in both observations and model runs. This relates very much to water availability
issues [Trenberth and Shea, 2005], whereby cyclonic conditions favor cloudy skies, rain, and high soil moisture,
and thus less sensible heat and greater latent heat components of the surface fluxes, resulting in lower
temperatures accompanying rain. In contrast, in anticyclonic conditions, relatively clear skies and more
sunshine mean more incoming energy at the surface, less rain, drier soils, more sensible heating and less
evaporation, and thus higher temperatures with less rain. These circumstances are unique to land because
water availability for evapotranspiration is never an issue over the ocean.
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1 2 3 4 5 6 7 8 9 10 n 12 55 45 35 25 1.5 05 05 15 25 35 45 55

CESM-LE Precipitation DJF - JJ

Figure 7. (top left) Observed (GPCP) annual mean precipitation and (top right) difference between DJF and JJA in mm 47!
for 2000-2014. Difference from the top plot for the (bottom left) CESM-LE runs and (bottom right) CESM-LE DJF-JJA. The
color bar at middle right applies to the top right and bottom plots.

In addition, in the observations there is a large area of negative correlations over the western tropical
Pacific-lndonesian-tropical Indian Ocean regions. In contrast, the model results reveal mostly positive
correlations over the ocean, especially where El Nifio results in higher SSTs. This has been a long-standing
characteristic of models [Hurrell and Trenberth, 1999]. Further examination of this relationship shows that
teleconnections with ENSO are important; in particular, the strong Walker circulation reversal with El
Nifo results in subsidence over the western Pacific region that overrides any relationship with local SSTs.
The model fails to accurately reproduce this influence, either in AMIP runs (Figure 10b) or in fully coupled
mode (Figure 10c). This region is also noted for where the supergreenhouse effect occurs [Soden and Fu,
1995; Bony et al., 1997; Inamdar et al., 2004]. Note also that the correlations between global mean values
are much more positive than the mean of the global values, signifying the larger variance and dominance
of the ENSO effects, and more so in the model than observed.

The relationships between temperatures and water vapor are also revealing (Figure 11). Strongest positive
correlations >0.7 occur in the extratropics poleward of about 40° latitude, but the regression values are small
because the total amounts of water vapor are so low compared with the tropics. In the tropics, high precipi-
tation, cloud, and water vapor go hand-in-hand and imply lower surface temperatures through reduced ASR
and evaporative cooling effects on land. In the extratropics, warm and moist advection go together in baro-
clinic weather systems, and the Clausius-Clapeyron relationship of warm air holding more moisture plays a
strong role to give strong positive correlations, that dominate globally. The Wv Ty, relationships differ some-
what but clearly call out the tropical-subtropical atmospheric dynamics associated with the main convergence
zones and subsidence regions [Soden and Fu, 1995; Bony et al., 1997]. In the convergence zones where upward
motion prevails, large cloud amount, Wv, and precipitation are associated with latent heat release, a moist
adiabatic lapse rate and higher temperatures above the surface, while in subsidence regions the warming of
the desiccated sinking air at the dry adiabatic lapse rate makes for high temperatures with less Wv. In the
coupled model, positive correlations are more widespread than observed, especially in the southeast Pacific
for Tivop and in the Warm Pool region of the western tropical Pacific-Indian Ocean region for Top,. In the south-
east Pacific this problem likely relates to the huge errors in the mean ASR field and cloud cover (Figure 8).
Negative correlations between T,,, and Wv occur where they are also observed to be negative with precipita-
tion (Figure 10). Interestingly, the AMIP run recovers some of this structure, although it is still deficient for T,
This suggests that biases arising from atmosphere-ocean coupling are part of the issue here, and the model has
stronger correlations between global mean Wv and T,r,, and Ty, than observed, as a result.
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Figure 8. (left) Radiation at TOA in W m 2 from CERES for March 2000 to October 2014 and (right) differences for the
CESM-LE for (top) ASR, (middle) OLR, and (bottom) Rt.

The correlations of monthly mean anomalies of T, and Ty, with ASR and OLR (Figures 12 and 13) have
some similarities, especially for T, and reveal considerable structure. For ASR the result is very similar but
opposite in sign for the model results to correlations of the temperatures with total cloud cover (not shown),
except in very high latitudes, where sea ice and land ice play a role [Hartmann and Ceppi, 2014]. In general,
the model results replicate the observations quite well.

For T,,, with ASR, the relationship is predominately positive, as higher ASR (i.e., less cloud) leads to higher
surface temperatures except in the deep tropical Pacific where high SSTs cause deep convection, high cold
clouds, and less ASR. Also, where snow and ice play a role, higher temperatures imply lower surface albedo
and more ASR. The T,,,, with OLR relationship is also largely positive as higher temperatures radiate more to
space, except for the deep tropics where high cold cloud tops radiate less to space above high SSTs.

For OLR the positive land signature emerges strongly and is well replicated by the model. This is especially
the case for relationships between OLR and Ty, However, ASR with T, differs considerably from the
Tom relationship. The high positive correlations in mountain areas suggest a role for snow cover: higher
temperatures imply less snow, and thus more ASR, while more ASR also implies higher temperatures as a
snow-feedback effect. But over oceans the relationships are mainly negative, indicating that cloud responses
to SST play a major role, and higher temperatures in warm advection in extratropical storms are accompanied
by more cloud and less ASR.

In general, these observed spatial patterns are quite well reproduced by the model. This is especially true
over land. However, over the ocean, there are marked differences in the tropical western Pacific and Indian
Oceans where observed positive correlations of ASR with T,,,, are largely negative in both coupled and
AMIP configurations. The same is true for OLR; the positive correlations observed with T,,, are mostly
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Figure 9. Correlations of individual monthly mean anomalies between global values and local values of (left) T,,, and
(right) Tyrop for 2000-2014 for observations from (top) ERA-l and (bottom) CESM-LE. At bottom right the global mean
correlation is given for each.

negative in the model. As a result, there is large cancellation of error in Ry. The area identified here where
the problems occur is similar to that for precipitation discrepancies and is physically related (Figure 10).
Important differences occur in the correlations of the global mean values, and these are of most importance
for overall system behavior.

Observed correlations between global means for ASR-T,,, are 0.16 versus about 0.35 in the model and for
Tirop —0.2 versus about 0.1 in the model. For OLR, the correlations are also higher: for T, 0.45 observed
versus 0.51 and 0.54 for AMIP and CESM-LE, respectively, and 0.55 versus 0.71 and 0.67 for Tyop. The global
mean of the ASR correlations versus the correlations between the global means is higher because the ocean
relationship dominates, while the reverse is true for OLR indicating the important role of the land in the
global mean in radiating to space. However, maps of correlations of global mean temperature with local
values (Figure 9) bring out the coherence of the tropics [cf. Trenberth and Smith, 2006, 2009], and ENSO
relationships prevail in the observations. This is also true for the AMIP run but not for CESM-LE where global
warming plays a stronger role in determining the global mean result (discussed further below).

There is a large cancellation between ASR and OLR, and it is not obvious from Figures 12 and 13 what the net
result for Ry should be (Figure 14). This cancellation applies for many clouds but especially the high cold
clouds in the deep tropics. The corresponding regression maps (not shown) factor in the variance of the fields
and are more meaningful when the global means are computed, and it is evident that the tropics are the
region where these relationships dominate global variance. However, the global means of the regression
and correlation coefficients (Figure 14) are positive with T>n, but strongly negative for Typ. In general, the
pattern and magnitude of the local correlations in Figure 14 are quite similar between the model and obser-
vations. The biggest differences are in the tropical eastern Pacific associated with ENSO, especially for the
AMIP run which includes the big 1997-1998 El Nifio event. Yet the two model results for different periods
and couplings are remarkably similar.

4.3. Global Relationships

It is apparent that often the global mean relationships do not apply locally, where day-to-day weather and cloud
variations may dominate. Further, the global mean relationships may not have much relationship to those
between means of the global values where regional variance differences also come into play. Table 1 sum-
marizes regression results for global mean fields. To examine sampling uncertainties, all regression coefficients
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were computed for every CESM-LE
ensemble member, and standard devia-
tions computed, as well as rankings
established. The 2nd and 29th out of 30
values are shown to indicate the 6.7 to
93.3% range.

Correlations betweenT, and Precipitation

The observed value between global
means of Ty, with Ry of —1.00Wm 2K’
is less than the two model results
(—0.87 and —0.64, respectively) although
within sampling expectations. However,
the observed Ty, value —2.18Wm 2K’
is significantly more negative than for
the coupled model. The OLR regression
is low, but the ASR value more than
compensates and is highly significantly
different from observed, signaling
model problems with clouds.

However, these results for the CESM-LE
are influenced by the trends evident
in Figure 3 that are largely absent in
the observations. From Table 1, it can
be seen how the Ry regression values
arise and the effects of trends. For
the observations, the effect is small.
For the model though, the detrended
OLR relationship is much stronger.
The trend in temperature leads to a
fourth power increased contribution
to OLR. The global correlation drops
from 0.73 detrended to 0.67 between
08 06 -04 02002 04 06 08 OLR and Tiop. However, the strong
Correlation s . .

positive trend in ASR is mostly res-

Figure 10. Local correlation coefficients between T, and precipitation ~ ponsible for the surface and tropo-
amount for (top) observations 2000-2014, (middle) CAM5-AMIP for spheric warming, and the positive
1994-2005, and (bottom) CESM-LE for 2000-2014 monthly anomalies. At relationship between the linear trends

bottom right of each plot the global mean of the local correlations is given
as well as, in parentheses, the correlation between the global mean values.

0.11
(0.30)

increases the ASR and Ry correlations
and regressions that are otherwise
dominated by ENSO. With the ASR
relationship more negative when detrended, the regression with Ry becomes much stronger in the
model than observed.

The values in Table 1 may be relevant to the climate feedback parameter [Dessler, 2013]. For T, the negative Ry
regression is dominated by the strong OLR radiation to space as temperatures increase while the ASR anomaly is
distinctly positive. The latter arises as excess incoming radiation heats the surface, and this is stronger in the model
than the observations (cf. Figure 8). However, for T, for the observations the ASR regression coefficient is
significantly negative unlike the models. These results depend on clouds. Higher temperatures generally increase
OLR but clouds offset this, and those clouds also reduce ASR, much more in observations than in the models.
For the total field, the net result is a stronger radiative damping for temperatures in the observations than implied
by the model versions. So a question is whether this result further implies smaller climate sensitivity?

The main cause of the model warming is an increase in absorbed solar radiation (Figure 3), as was true in most
CMIP3 models [Trenberth and Fasullo, 2009]. To understand the trends and their influences better, we explored
the trend maps and local maps (not shown). By far the biggest warming at the surface in CESM-LE occurs in the
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Figure 11. Local correlation coefficients between (left) To,,-Wv and (right) Tirop"Wv for (top) observations 2000-2014,
(middle) CAM5-AMIP for 1994-2005, and (bottom) CESM-LE for 2000-2014 monthly anomalies. At bottom right of each
plot the global mean of the local correlations is given as well as, in parentheses, the correlation between the global
mean values.

Arctic, and this is not out of line with the observed trends there. However, they are also strongly positive around
Antarctica, which is not observed at all. Ice-albedo effects clearly come into play, as the main increases in ASR
occur for clear sky and in summer. These effects extend over land to as far south as 40°N, and from 60-70°S,
much more than observed for this period.

However, there are also substantial decreases in total cloud amount in the model, from 30-90°N and 10-50°S
(see also Figure 3), although in the Arctic this is mainly in the winter where it does not influence ASR, although
it does affect OLR. It is likely that these responses are erroneous and arise especially because of the biases in
the clouds and radiation (Figure 8). This version of CESM has too strong effects from so-called indirect effects
of aerosols on clouds that have been greatly improved very recently [Gettelman et al., 2015]. Hence, the result
depends on the scenario used for aerosols, which is not realistic. Accordingly, there are good reasons not to
trust the trends and question the model implications for feedback and climate sensitivity.

5. Concluding Remarks

Making use of the available CERES data, we examine the relationships among TOA radiation and water vapor
and temperatures in the atmosphere from ERA-I in an effort to assess the origins of radiative perturbations
and climate feedbacks empirically and compared with CESM model results. The covariability of monthly
mean anomalies in the CESM runs, both in fully coupled mode and for AMIP runs, where the surface SSTs
are specified, produces remarkably good replication of most of the observed relationships examined here.
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Figure 12. Local correlation coefficients between monthly anomalies of (left) Tom-ASR and (right) Tiop-ASR for (top)
observations (March 2000 to October 2014), (middle) CAM5-AMIP for 1994-2005, and (bottom) CESM-LE for 2000-2014.
At bottom right of each plot the global mean of local correlations is given as well as, in parentheses, the correlation
between the global mean values.

The observed period is quite short (15 years), and the model forcings are not realistic, although their variability is
fairly small.

Increases in cloud amount and precipitation decrease ASR and reduce surface temperature. Over the ocean,
the latter occurs in SST but is small, while much larger responses occur over land, not only in surface tempera-
tures but also in surface moisture and evapotranspiration that also play a role. Otherwise, in most of the phy-
sical relationships, the implied causality is that the changes in temperature, water vapor, and cloud, while
perhaps arising themselves from remote effects of the dynamics, affect the radiation, rather than the radia-
tion causing changes in the local temperature. There is a lot more high-frequency variability in radiative
fluxes than there is in temperature, highlighting the role of clouds and transient weather systems in the
radiation statistics. The strongest relationship overall is that increased temperatures lead to more OLR. In
particular, land areas, especially in the extratropics, provide a strong window for radiation to escape to space
that is well replicated in the model. The biggest exception is in the deep tropics where high SSTs are
accompanied by deep convection and high cold cloud tops, and thus less ASR and OLR, and while these
effects mostly cancel for Ry there are some differences in the model result.

Although there is good qualitative agreement between the model and observations, the comparisons reveal
some outstanding issues. The ENSO in the model is supersized and is some 40% or so larger than observed,
which is an issue with this model. This may itself relate to biases in the sensitivities explored here in addition
to other (e.g., ocean) processes. Major biases exist in the ASR, in particular, with too much ASR over the
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Figure 13. Local correlation coefficients between monthly anomalies of (left) T>,-OLR and (right) Tirop~OLR for (top) obser-
vations (March 2000 to October 2014), (middle) CAM5-AMIP for 1994-2005, and (bottom) CESM-LE for 2000-2014. At
bottom right of each plot the global mean of local correlations is given as well as, in parentheses, the correlation between
the global mean values.

Southern Oceans and not enough in the tropics, so that this also biases meridional gradients and alters ocean
heat transports. The ASR biases are echoed in Ry. Nor can disagreement with observations be dismissed as
merely arising from internal variability. Moreover, as has been seen here, the global values depend critically
on cancellation of effects both regionally (involving teleconnections) and among variables (such as ASR
versus OLR) that may not offset unless all of the processes are well replicated. Of particular concern is the
existence of a double ITCZ bias in models.

The vertical structure of the temperature profile is shown to be top heavy in the model, with too much deep
convection and not enough lower stratospheric cooling as part of the Rossby wave response to heating. This
profile may be very useful as a standard test for parameterized convection schemes under development.
There are also signs that the relationship between water vapor and temperatures in subsiding air in the tro-
pics is a critical test that some models do not do well. It has been shown to be important in discriminating
among the climate sensitivity of models [Fasullo and Trenberth, 2012].

Most of the monthly variability has very short time scales and is associated with weather systems. The biggest
discrepancies revealed in the local correlation maps are most clearly over the tropical western Pacific and
Indian Oceans Warm Pool. Over the oceans, where nonlocal effects from the Walker circulation driven by
the ENSO events in the central and eastern Pacific play a key role, several related biases emerge. When SST
anomalies are high there is more precipitation over the oceans in the model both in coupled and AMIP
modes that is not observed in the Warm Pool region (Figure 10). There is more water vapor (Figure 11)
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Figure 14. Local correlation coefficients between monthly anomalies of (left) R-Ton, and (right) R-Tyop for (top) observations
(March 2000 to October 2014), (middle) CAM5-AMIP for 1994-2005, and (bottom) CESM-LE for 2000-2014. At bottom right of
each plot the global mean is given as well as, in parentheses, the correlation between the global mean values.

and cloud (Figure 12) under these circumstances, and as a result, both ASR and OLR (Figure 13) are smaller in
the model than in the real world. These biases have potential implications both for climate sensitivity and
canonical model biases such as the cold-tongue bias because they modulate lateral heating gradients. In
CESM-LE Ry is also too small around and south of India (Figure 8), although this bias in Ry is not evident in

Table 1. Regression Coefficients Between T5,, and Ttrop With Ry, ASR, and OLR for the Observed 2000(03)-2014(10),
a
CAM5-AMIP 1994-2005, and CESM-LE 2000-2014 Models in W m_2 K_1

Tom Ttrop

Rt ASR OLR Rt ASR OLR
Observed —1.00 0.66 1.66 —2.18 —0.66 1.52
CAMS5-AMIP —0.87 0.92 1.78 —-1.97 —0.05 1.91
CESM-LE —0.64 1.04 1.68 —1.45 0.26 1.72
Spread —14; —0.1 0.7;1.5 14;2.0 —1.9; —0.9 —0.1; 0.7 1.5;1.9
Detrended Ry ASR OLR Ry ASR OLR
Observed —1.12 0.70 1.81 —226 —0.68 1.58
CESM-LE —1.55 0.77 232 261 —031 230
Spread —1.9; 0.8 04;1.2 1.9;2.8 =331y =22 —0.6; 0.1 2.1;25

#For CESM-LE, regressions were computed for each of 30 members and the 2nd and 29th values are given to indicate
the 6.7 and 93.3 percentiles: labeled “spread.” Note that R= ASR — OLR. The lowest two rows provide regression results
after detrending each set. The bold observed values are significantly different to those from CESM-LE.
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the AMIP run. However, the variances of temperatures in this region are relatively small compared with espe-
cially those on land, and hence, they do not contribute a lot to the global mean regressions.

The correlation between global monthly mean surface temperature and net radiation anomalies over
the March 2000 to October 2014 period is only —0.19 and is very similar in the model runs. There is a
lot more confidence in the stronger relationship with tropospheric temperature. Vertically averaged
tropospheric temperatures correlate significantly with net incoming radiation at —0.56 globally, with a
regression coefficient of —2.18+0.10Wm ™ 2K™". The latter is somewhat lower in the model runs here,
and it relates to the biases in ASR and thus cloud, but it also changes by 80% in the model when the
results are detrended. It is difficult to say whether this is simply because of the anomalous period used,
particularly as the observed global mean surface temperature in the 2000s failed to increase substan-
tially [Trenberth and Fasullo, 2013b]. Nevertheless, the kind of analysis performed here provides consid-
erable insights into covariability among various variables that relate strongly to feedback processes
important in gauging response to forcings and natural variability. It seems possible that model develop-
ment and climate sensitivity estimates could be refined using these methods, given the strong regional
structures and the extent to which they compensate and the need to go well beyond global means and
surface temperatures.
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