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Abstract The monthly global and regional variability in Earth’s radiation balance is examined using
correlations and regressions between atmospheric temperatures and water vapor with top-of-atmosphere
outgoing longwave (OLR), absorbed shortwave (ASR), and net radiation (RT=ASR�OLR). Anomalous global
mean monthly variability in the net radiation is surprisingly large, often more than ±1Wm�2, and arises
mainly from clouds and transient weather systems. Relationships are strongest and positive between OLR
and temperatures, especially over land for tropospheric temperatures, except in the deep tropics where high
sea surface temperatures are associated with deep convection, high cold cloud tops and thus less OLR
but also less ASR. Tropospheric vertically averaged temperatures (surface = 150 hPa) are thus negatively
correlated globally with net radiation (�0.57), implying 2.18 ± 0.10Wm�2 extra net radiation to space for 1°C
increase in temperature. Water vapor is positively correlated with tropospheric temperatures and thus also
negatively correlated with net radiation; however, when the temperature dependency of water vapor is
statistically removed, a significant positive feedback between water vapor and net radiation is revealed
globally with 0.87Wm�2 less OLR to space per millimeter of total column water vapor. The regression
coefficient between global RT and tropospheric temperature becomes �2.98Wm�2 K�1 if water vapor
effects are removed, slightly less than expected from blackbody radiation (�3.2Wm�2 K�1), suggesting a
positive feedback from clouds and other processes. Robust regional structures provide additional physical
insights. The observational record is too short, weather noise too great, and forcing too small to make
reliable estimates of climate sensitivity.

1. Introduction

There is a natural flow of energy through the Earth’s climate system that is being perturbed by human
influences. Solar radiation enters the system largely according to the Sun-Earth geometry, with a
maximum absorbed in the tropics, while the outgoing longwave radiation (OLR) is more uniformly
distributed with latitude [Trenberth and Stepaniak, 2003a, 2003b, 2004; Fasullo and Trenberth, 2008a, 2008b;
Trenberth et al., 2009]. The latitudinal and regional differences in net radiation are compensated by
meridional transports of atmospheric and ocean energy, and changes in heat content of the oceans. 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.

In recent years, following the work of Gregory et al. [2004] and Forster and Gregory [2006], several analyses
have been done to provide insights into vital feedbacks in the climate system that attempt to make
estimates of climate sensitivity using the observational record. Key variables needed are the direct
observations of surface temperatures and top-of-atmosphere (TOA) radiation, as well as estimates of
radiative forcings. The OLR depends greatly on temperatures but is modulated by atmospheric
greenhouse gases, including water vapor, clouds, and aerosols. A warmer Earth emits more infrared
radiation to space, which provides a strong negative feedback and helps to stabilize the Earth’s climate
(also known as the Planck feedback). Many other changes occur with warming to complicate matters and
provide feedbacks, including changes in snow and ice, cloud cover, and temperatures and vertical
temperature structure. Here we examine the empirical evidence relating temperatures and TOA radiation
and try to understand it. This in turn leads to further examination of the regional structures and
covariability as well as the high-frequency large-amplitude variability.
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Previous work has focused on the surface temperature, but it is well known that the atmosphere has a
greenhouse effect and the net radiation to space implies an average temperature for the planet in the
midtroposphere. We consider the sea surface temperatures (SSTs), the surface air temperatures nominally
at 2m above the surface (T2 m), the temperatures throughout the atmosphere often divided up into the
tropospheric temperature (Ttrop), which is the vertical average below 150 hPa (about 13 km altitude), and
the stratospheric temperature (Tstrat), above 150 hPa; the temperature of the entire atmosphere (Tall), and
we also consider the land versus ocean domains and the tropics (30°N–30°S). We suggest here that the
tropospheric temperature is a very useful complement to that at the surface because it more directly
characterizes processes that influence the entire atmosphere.

We adopt the convention that RT is the TOA net radiation downward

RT ¼ ASR – OLR

where OLR is the outgoing longwave radiation and ASR is the absorbed solar radiation (i.e., the solar
irradiance minus reflected shortwave radiation (RSW)). To the extent that the TOA solar irradiance is a
function of season and latitude, anomalies in ASR are simply opposite to those in RSW, although changes in
irradiance such as with the 11 year solar cycle alter this. Another focus here is on the high-frequency
(monthly) variability in RT because it is surprisingly large and this in turn means that there is considerable
climate noise in relationships pertinent to feedbacks and climate sensitivity estimates.

The TOA radiation record is limited in length and quality, and earlier estimates made use of the broadband
estimates from the Earth Radiation Budget Experiment (ERBE), which had some quality issues [e.g.,
Trenberth, 2002; Fasullo and Trenberth, 2008a]. Higher quality estimates from Clouds and the Earth’ Radiant
Energy System (CERES) begin only in March 2000 but now contain nearly 14 years of record. A feature of
the longer record available from atmospheric reanalyses since 1979 is that it includes major radiatively
forced perturbations from the Mount Pinatubo volcanic eruption in 1991, whereas only much smaller
perturbations occur in the 2000s [see Santer et al., 2014]. Solar variations associated especially with the
sunspot cycle are also playing a role [Trenberth et al., 2014]; both are order 0.1Wm�2 perturbations.
Meanwhile, greenhouse gas concentrations, led by carbon dioxide, continue to rise and increase radiative
forcing at a rate of about 0.3Wm�2/decade. Tropospheric aerosols partly arising from human activities
also play a role that is mainly important regionally and may compensate for some warming of greenhouse
gases. Accordingly, the externally forced signal is quite small for a short period that spans the 2000s, and
the dominant variations seen in the energy balance arise from internal natural variability. In the latter case,
the radiation changes at TOA are largely a response to temperature and other variations rather than a
cause of them, thereby limiting their relevance to forced variability.

It is difficult to determine feedbacks from observations and even more difficult to determine the climate
sensitivity. Traditionally, the sensitivity relates to the surface temperature, but the latter also relates strongly
to many other climate variables. For instance, water vapor feedback relates to the strong tendency for water
vapor to increase as temperatures increase because the water-holding capacity of the atmosphere increases
with temperatures. Empirical relationships between radiation and temperatures then automatically fold in
these other dependencies. Surface warming also reduces snow and ice extent and thus decreases albedo.
Relationships with clouds are more complex. Clouds affect the climate by reflecting incoming solar radiation
back to space, which tends to cool the climate, and by trapping outgoing infrared radiation, which tends to
warm the climate [Dessler, 2010, 2013]. Clouds cool the planet on average at present, but the issue is how
they change as the climate changes. Higher clouds tend to warm the planet since longwave radiation to
space is less, while lower clouds increase the albedo and the solar effects dominate.

A simplified linearized version of the Earth’s global energy balance is

RT ¼ F � λΔT þε (1)

where F is the net forcing, λΔT is the change in net radiation due to a temperature change ΔT, and ε is the
noise and internal variability [Forster and Gregory, 2006; Murphy et al., 2009]. The symbol λ is called the
feedback parameter, and in equilibrium, when RT= 0, ΔT= F/λ. Here T is commonly the surface temperature,
and hence, this model does not explicitly include the vertical structure of the atmosphere. For doubled
carbon dioxide levels, where F=3.7Wm�2, ΔT= F/λ represents the climate sensitivity. For an Earth without
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climate feedbacks other than the Planck response, λ is expected to have a value of roughly 3.2Wm�2 K�1;
hence, values of λ less (greater) than this value correspond to a climate with a globally positive (negative)
feedback [Forster and Gregory, 2006].

Several recent attempts have been made to estimate λ using values of F and ΔTwith linear regression. Forster
and Gregory [2006] used near-global ERBE data from 1985 to 1996 and applied various averaging methods on
seasonal and interannual time scales to find a value of 2.3 ± 1.4Wm�2 K�1. Murphy et al. [2009] also used
ERBE as well as CERES data to make related regression estimates, using both total fields and anomalies,
although they carefully note that their results may not relate to climate sensitivity. Following many ways of
processing the data, they adopt a value of λ=1.25 ± 0.5Wm�2 K�1 as an estimate of the response of net
radiation to surface temperature variations. They also estimate regressions with the OLR of 2.8
± 0.4Wm�2 K�1 and RSW of �1.9 ± 0.7Wm�2 K�1 for interannual perturbations from ERBE.

In an attempt to estimate sensitivity and λ, Lindzen and Choi [2009] noted that there are many pitfalls to be
avoided in assessing climate feedbacks in models using observations of radiation at TOA. While they adopted
a procedure to avoid one of these pitfalls, they failed to recognize and account for several others: they did not
account for external forcings, their use of a limited tropical domain was especially problematic, and their
results did not stand up to independent testing [Trenberth et al., 2010; Murphy, 2010; Chung et al., 2010].
Lindzen and Choi [2011] acknowledged some of these problems and attempted to address them, although
issues remain [Dessler, 2011].

Spencer and Braswell [2010] highlighted some challenges for feedback diagnosis as they explored
covariations between global TOA radiative flux and temperature, both at the surface and in the
troposphere, and noted how most results have yielded generally low correlations. They found that the
dominant source of the low correlation is the presence of time-varying “radiative forcing generated
internal to the climate system.” The latter is really internal climate variability and weather fluctuations, as
we explore more rigorously here. They conclude that cloud cover plays a key role, further emphasized in
Spencer and Braswell [2011]. Their methods have been tested by several research groups [Murphy, 2010;
Murphy and Forster, 2010; Dessler, 2011; Trenberth et al., 2011b] and found to be without merit. In
particular, Spencer and Braswell confuse causality and fail to recognize the appropriate relations between
El Niño–Southern Oscillation (ENSO) and energy balance [see Trenberth et al., 2011b].

Dessler [2010, 2013] noted that the short record is dominated by ENSO variations and used clear-sky versus
all-sky radiation in reanalyses to estimate cloud radiation forcing involving several assumptions and a
model. These papers build upon earlier studies that show the importance of ENSO and how convection,
clouds, and upper tropospheric water vapor play key roles in feedbacks [Soden and Fu, 1995; Bony et al.,
1997; Inamdar et al., 2004]. In Dessler [2013], computations were made of many components related to
radiative feedbacks, from surface and atmospheric temperatures, water vapor, cloud, and surface albedo
anomalies, converted using a “radiative kernel” to a TOA radiation anomaly. In this way, he was able to
separate out the temperature effects from the other correlated and uncorrelated effects. Gordon et al.
[2013] similarly used a kernel approach to compute the water vapor feedback using observational satellite
data. As Dessler notes, there is merit in combining temperature and water vapor because there is
cancelation of some errors. In units of Wm�2 K�1 he quantifies feedbacks due to Planck (blackbody
radiation) feedback (�3.10), temperature (�3.26), water vapor (1.35), total cloud (0.49), and a thermal
damping rate (�1.15). The latter is also known as the “feedback parameter” as it combines all of these
feedbacks. He sums the results of the individual components, rather than using regression directly. Gordon
et al. [2013] find a short-term water vapor feedback of 2.2 ± 0.4Wm�2 K�1.

Sherwood et al. [2015] demonstrate that ambiguities arise in the forcing feedback framework from effects not
related to global mean temperature, including regional forcings such as from aerosols or ozone changes,
nonlinearities, and lack of uniform responses on various time scales. Regional forcings or responses
necessarily drive temperature and pressure gradients and thus change the atmospheric circulation that
compounds the regional responses through disparate changes in cloud and precipitation, for example.
Time scales involved in the various responses and adjustments to a change can vary a lot.

The simple form of the energy balance expressed in (1) does not explicitly deal with the three-dimensional
structure of the atmosphere nor does it discriminate between land and ocean domains. To address this
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shortcoming we consider alternative temperatures to be used in (1). Any influences of vertical structure such
as through lapse rate feedback occur only through the feedback parameter. Yet OLR emanates from various
components and levels in the atmosphere [Ingram, 2010], and there is the potential for considerable physical
insight to be gained from assessing the regional and vertical structure of these regressions. Accordingly, here
we include the full vertical structure of temperatures in the atmosphere and examine relationships with the
TOA radiation, thereby including the effects of the intervening atmosphere above the surface and the
radiative fluxes at TOA. Of course, as we progress higher in the atmosphere, there are fewer greenhouse
gases and especially water vapor to provide feedbacks [Ingram, 2010], and thus, it is expected that values
of the regression coefficient are larger than at the surface and somewhat closer to the blackbody value,
but how close is of interest. Analyzed temperature fields have improved to such an extent that these are
thought to be useful for this purpose, whereas, in general, this has not been the case in the past. We also
include total column water vapor amounts in the analysis. It is further desirable to examine the spatial
structure of the relationships among variables because there is generally a lot of cancelation in forming
the global means, something that may not be the case in model results.

The data sets are discussed in section 2 while global, zonal, and land-ocean contrasts (because water
availability is restricted over land) are considered in section 3. We further consider the local versus global
structure of these relationships in section 4 and implications for feedbacks in section 5.

2. Data Sets and Methods

Data for TOA radiation come from CERES measurements with improved instruments and algorithms relative
to ERBE to reduce data uncertainty by a factor of 2 to 3 [Wielicki et al., 1996]. As it is an advanced radiation
data set, the CERES data that begin in March 2000 have some differences with ERBE data [Fasullo and
Trenberth, 2008a]. We use the TOA shortwave, longwave, and net radiative fluxes from CERES, monthly in
1° × 1° regions, and “Energy Balanced and Filled” (EBAF) updated to version Ed2.8 [Loeb et al., 2009, 2012].

In a reanalysis system, conventional and satellite-based meteorological observations are combined within a
weather forecast assimilation system to produce global physically consistent states of the atmosphere. We
use atmospheric fields from 4 times daily global analyses from the European Centre for Medium-Range
Weather Forecasts Interim Re-Analysis (ERA-I) [Dee et al., 2011]. Evaluations have demonstrated that the
latest generation of atmospheric reanalyses is superior to earlier ones, but several reanalyses continue to
suffer from spurious trends associated with the changing observing system [e.g., Trenberth et al., 2011a;
Bosilovich et al., 2011; Trenberth and Fasullo, 2013a]. ERA-I does feature some spurious variability associated
with changes in Special Sensor Microwave Imager (SSM/I) observations, in particular, but these mostly
affect the hydrological variables (water vapor, cloud, rainfall, etc.). Surface air temperature and humidity
trends over land in the ERA-I reanalysis compare well with observations [Simmons et al., 2010, 2014] and
are more complete than surface temperature fields analyzed in isolation [Trenberth and Fasullo, 2013b].

ERA-I, along with other reanalyses, does not include realistic external atmospheric forcings. It does not
include the solar cycle or volcanic aerosols, for instance [Dee et al., 2011], and it is not adjusted to have a
reasonable TOA energy balance, as is routinely done for climate models, but which is difficult for reanalysis
models in part for reasons related to the high-frequency TOA energy variability documented below. This is
readily apparent in time series of the TOA radiation (given in Trenberth and Fasullo [2013a]) where large
biases of order 10Wm�2 occur in many reanalyses, along with spurious changes over time. Only ERA-I has
stable values and fairly small biases, although they do not include the aerosols from the Mount Pinatubo
eruption. However, the effects of the Mount Pinatubo eruption and all other forcings are implicitly
included in the state variables through the assimilation of observed radiances from satellite instruments,
and temperatures, winds, and humidity from in situ observations, such as radiosondes. Simmons et al.
[2014] demonstrate the excellent quality of ERA-I tropospheric temperatures, except that a change in
source of SST analysis led to a shift to cooler SSTs by about 0.1 K in mid-2001, and thus, lower tropospheric
warming is somewhat underestimated. Also, there is some spurious variability in water vapor associated
with changes in SSM/I data [Trenberth et al., 2011a; Trenberth and Fasullo, 2013a], most notably a marked
decrease starting in 1992.

We have performed correlation and regression analyses of the temperatures and total columnwater vapor (Wv)
with global OLR, ASR, and RT for CERES fromMarch 2000 to October 2013, and we also briefly compare the TOA
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radiation from ERA-I with CERES
values. Because total column water
vapor is highly dependent on
temperatures, simple correlations
can be misleading. For instance, OLR
increases with temperature and,
ignoring ASR effects for the moment,
therefore higher temperatures (and
water vapor) go hand-in-hand with
less RT, yet we expect a greenhouse
effect from Wv that increases RT [e.g.,
Ingram, 2010, 2013]. This example
highlights the need to also perform
screening regression [Lanzante, 1984]
of some fields to remove the shared
variance with a third field. We have
done this explicitly by performing
regressions of radiation and Wv fields
with temperatures, and removing the
common temperature variance to
enable us to explore the Wv-radiation
relationships. The result is equivalent
to multiple regression but provides
more insight into relationships.

3. Temperature Relationships

The forcings that should also be considered in determining λ in (1) during this period include the small but
steady increase in greenhouse gases, the 11 year solar cycle which has an amplitude of order 0.1%,
volcanic aerosols from multiple eruptions albeit small, and tropospheric aerosols. Trenberth et al. [2010]
tested the results of regressions between RT and temperature to account for the forcing data and found
differences less than 0.1 in the regression values. Forster and Gregory [2006] found that tropospheric
aerosols did not affect their results. For the time period considered here, in the absence of the Mount
Pinatubo eruption effects, the impacts of the forcing terms should be even less. However, here the focus is
on the regression between temperature and TOA radiation.

The dominant interannual variations in TOA radiative fluxes in the tropics occur with El Niño–Southern
Oscillation (ENSO), which involves a buildup of heat during La Niña and a discharge of heat during El Niño
[Trenberth et al., 2002a, 2002b, 2014]. The SST anomalies during El Niño 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 in TOA radiation associated with weather fluctuations: storms of all sorts in the extratropics and
the Madden-Julian Oscillation (MJO) in the tropics.

A brief examination of the TOA radiation is first given for ERA-I versus CERES. Figure 1 presents the mean
annual cycles of TOA net radiation for CERES and ERA-I both for total and estimated clear-sky radiation.
Fasullo and Trenberth [2008a, 2008b] analyzed the annual cycle in considerable detail. CERES EBAF values
are 1 to 3Wm�2 higher than ERA-I values for the total, but several Wm�2 lower for clear sky (Figure 1).
These should be considered biases in the ERA-I for the most part [Trenberth and Fasullo, 2013a]—
otherwise, the TOA net radiation from ERA-I implies global cooling. Nevertheless, the time series of global
anomalies (Figure 2) show very good agreement in most of the month-to-month variability that reflects
the weather variations in clouds for the most part. The overall monthly correlation is 0.79 (5% significance
level is 0.18). There is a downward drift in ERA-I values relative to CERES, which becomes large after late
2009 when the SSM/I instrument on F13 (Defense Meteorological Satellite Program) was lost because the
latter greatly influenced the rain-affected radiances assimilated in ERA-I. On the other hand, there is a
spurious increase in clear-sky radiation from CERES after January 2008 when their processing system

Figure 1. Mean plus mean annual cycle for (top) global mean total net TOA
radiation and (bottom) clear-sky radiation from CERES (black) and ERA-Interim
(red) for March 2000 to October 2013.
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changed from using Goddard Earth Observing System (GEOS)-4 to GEOS-5.2 that impacted the clouds and
surface fluxes used. ERA-I clear-sky values are likely more stable. As a result the correlation of clear-sky
radiation at TOA is slightly lower at 0.75. In this case the main fluctuations relate to temperatures.

Considerably larger differences (not shown) occur between ERA-I and CERES values for ASR and OLR, and these
relate especially to clouds in the tropics and their poor depiction in ERA-I. RT values from six ensemblemembers
of the National Center for Atmospheric Research (NCAR) Community Climate System Model CCSM4 for
1994–2006 (to avoid the Mount Pinatubo and other major volcanic eruptions) were also compared and
results were given in Trenberth et al. [2014] but for 1850 to 2005. The standard deviation of the CERES
monthly anomalies is 0.64Wm�2. For ERA-I it is 0.62Wm�2, and for CCSM4 0.64Wm�2, all remarkably similar.

As noted in Trenberth et al. [2014], the monthly variability about the eight-member ensemble mean from
1850 to 2005 in CCSM4 of 0.62Wm�2 dropped to 0.25Wm�2 for 12month running means (versus CERES
0.28Wm�2 for a much shorter period). These results highlight the perhaps surprisingly large variability in
monthly values. The variability in the 12month running means arises largely from ENSO and internal
decadal variability. This result also emphasizes that RT is predominantly responding to internal climate
variations and that there is often a natural rebound effect as the system compensates for an anomaly of
one sign with one of reverse sign in subsequent months (see Figure 6 presented later).

The area-averaged temperatures as a function of pressure level are shown for several regions (Figure 3) from
ERA-I. The variations are coherent throughout the troposphere for the most part and generally of opposite
sign in the stratosphere. In all three regions shown (Figure 3), there is a gradual warming, especially after

Figure 2. Monthly and 12month running mean time series for (top) global net TOA radiation RT for all-sky conditions and
(bottom) clear-sky for March 2000 to October. 2013 from CERES (black) and ERA-I (red). The inset gives the correlation
between the two and their monthly and 12month running mean standard deviations. Light grey shading indicates where
ERA-I exhibits a marked discontinuity in late 2009 owing to loss of the SSM/I microwave sensor on F13, and light green
shading denotes a discontinuity in CERES clear-sky values associated with a change in cloud properties over land with a
transition from GEOS-4 to GEOS-5.2 reanalyses in January 2008. The monthly standard deviation is given. Units: Wm�2.
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about 1997. In the tropics (30°N–30°S) the El Niño events stand out with their warmth, and these are also
evident for the ocean regions, showing the dominance of the tropics. On land the overall warming is more
pronounced in the troposphere, while the stratosphere features hot spots associated with the main volcanic
eruptions (El Chichón (1982) and Pinatubo (1991)), with prolonged cooling after 1993. The meridional
distribution of the vertically averaged temperature (Figure 4) shows the El Niño events in the tropics often
with reverse changes at high latitudes [Trenberth et al., 2002b; Trenberth and Smith, 2006, 2009]. For instance,
it is well known how high SSTs in the tropical Pacific are accompanied by a deeper Aleutian low pressure
system and cooler SSTs in the North Pacific, and similar processes occur in the Southern Hemisphere via
atmospheric teleconnections. Trends are most evident at high northern latitudes where Arctic sea ice loss
has been huge and has been associated with decreases in RSW [Hartmann and Ceppi, 2014].

The coherent global mean temperature variations (Figure 5) are dominated by ENSO [Trenberth and Smith,
2006, 2009]. The dominant mode of variability has a coherent increase in magnitude with height to

Figure 3. Domain mean time series of ERA-I temperature anomalies °C for 1979 to October 2013 for (top) land, (middle)
ocean, and (bottom) tropics from 30°N to 30°S.
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200 hPa, drops to zero about 100 hPa at
the tropical tropopause, and has reverse
sign to 30 hPa with peak values at
70 hPa. The mode transition from the
troposphere to stratosphere is very
close to 100 hPa from 40°N to 40°S,
and the dominant coherent variations
occur below 150 hPa. The vertical mean
(Figure 5, bottom) again highlights the
ENSO links but also reveals the weather
noise from month to month. The first
EOF of the vertical three-dimensional
structure of temperature [Trenberth and
Smith, 2009] is in phase with global
mean surface temperatures and thus
lags Niño 3.4 SSTs by 3 to 4months,
while the second EOF also plays a role

in the evolution of global mean temperatures but is negatively correlated some 7months later, signaling
the spread of the heat out of the deep tropics into the subtropics and higher latitudes following an
El Niño event [Mayer and Haimberger, 2012].

Summaries of the monthly anomaly standard deviations and cross correlations for several global mean time
series are given in Tables 1 and 2. Temperatures in the stratosphere are not significantly related to other
variables considered, and the tropospheric temperature (Ttrop below 150 hPa) is highly correlated with the
total (0.99), and hence, most of the subsequent analysis uses the former. As can be seen in the figures, the
surface air temperature T2 m and the SST relationships are not as strong as for Ttrop but are highly
significant nonetheless. An examination of leads and lags among the variables reveals that for most
variables the highest correlations are at zero lag. However, cross spectra reveal the biggest coherent
variance at periods greater than 18months and with SST leading tropospheric temperatures by 1 to
2months, but only a very slight lead by T2 m over Ttrop.

3.1. Global

Total water vapor is strongly positively correlated with all temperature metrics (Table 2) and especially Ttrop.
Hence, the higher temperatures in the troposphere and at the surface go hand-in-hand with higher water
vapor, as expected from the Clausius-Clapeyron relationship and imply only small changes in relative humidity.

The surface air temperature at 2m T2 m (Figure 5) is reasonably coherent with the vertical mean tropospheric
temperature Ttrop for the low-frequency variations, but often not on a monthly time scale. The global mean
SSTs (Figure 5) have much smaller amplitude fluctuations and their difference with the surface atmospheric
temperatures highlights both the internal weather-related variability in the atmosphere and the much larger
variability at the surface that occurs over land. Clearly the global mean SST variations are much smaller than
those in the deep tropics in association with ENSO, as shown by the ONI (Ocean Niño Index) (Figure 5).

The total columnwater vapor Wv is also shown as a time series in Figure 5, and it reveals coherent interannual
fluctuations with the temperature fields. However, there is a spurious drop in Wv beginning in 1992
[Trenberth and Fasullo, 2013a] associated with an increase in the amount of SSM/I data assimilated. The
upward trend in Ttrop and T2 m would also be expected in Wv but is missing in Figure 5, therefore limiting
exploration of most relationships to after 1992.

There is somewhat more variance in global ASR than OLR (Table 1) and a lot more variance at high frequency;
see also Figure 6. ASR and OLR are slightly positively correlated overall (Table 2), and hence, there is some
cancelation of especially the high-frequency component for the deep tropics, associated with clouds. The
net radiation RT has a strong significant spectral peak for periods greater than 18months, and the
low-frequency variability occurs when ASR and OLR anomalies are opposite (Figure 6) and strongly related
to the temperature variability: mainly ENSO. Hence, especially the 2008/2009 and 2011/2012 cold La Niña
conditions not only radiated less to space but also reduced cloudiness and increased ASR, while the
reverse occurred for the 2010 El Niño.

Figure 4. Zonal mean time series of vertically integrated ERA-I temperature
anomalies °C for 1979 to October 2013 as a function of latitude.
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3.2. Zonal Means

The relationships as a function of latitude between the zonal means of temperatures and ASR, OLR, and RT
(Figure 7) reveal the expected positive relationship with OLR except in the deep tropics for the whole layer
as well as the troposphere, but with only the high-latitude stratosphere also positive. Values less than 0.18
are not significant (5%). Accordingly, the ASR relationships are marginally significant. In high latitudes over

Figure 5. (top) Global mean time series of ERA-I temperature anomalies °C for 1979 to October 2013 along with (bottom)
global mean time series of the vertically integrated water vapor (green) in millimeters, temperature (black), surface (2m)
atmospheric temperature (red), SST (blue), and Niño 3.4 ONI SSTs in °C. For the first four, the monthly and 12month running
means are given. The vertical black arrow in January 1992 indicates when a spurious change in water vapor occurred from
increased SSM/I observations.

Table 1. Standard Deviations of ERAI Global, Land-Only, Ocean-Only, and Tropical (30°S–30°N) averaged Wv, Tall, Tstrat,
Ttrop, T2 m, SST, and CERES ASR, OLR, RT Monthly Anomalies for March 2000 to October 2013a

Wv Tall Tstrat Ttrop T2 m SST ASR OLR RT

Global 0.27 0.15 0.15 0.17 0.12 0.07 0.50 0.46 0.64
Land 0.35 0.19 0.28 0.22 0.30 0.89 1.08 0.82
Ocean 0.29 0.15 0.19 0.17 0.09 0.07 0.68 0.46 0.73
Tropics 0.45 0.20 0.57 0.24 0.14 0.12 0.78 0.83 1.01

aUnits are total column water vapor (mm); temperatures (K); ASR, OLR, and RT (Wm�2).
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land, where snow cover plays a role in the albedo, one expects a positive correlation (lower ASR goes with
snow and cold) [Hartmann and Ceppi, 2014]. Near the equator, the negative ASR-temperature relationship
arises mostly from ENSO whereby the rainfall and clouds associated with high SSTs result in less ASR. The
associated high cloud is also responsible for the negative OLR relationship in the same region. Hence, for
the net radiation RT, the effects of clouds on ASR and OLR offset and largely cancel in the deep tropics
[Kiehl, 1994; Soden and Fu, 1995].

ASR is marginally significantly negatively correlated with Ttrop (Table 2). T2 m is weakly positively correlated
with ASR, as might be expected if snow and ice play a role, and also when surface temperatures respond

Table 2. Zero Lag Cross Correlations of ERAI Wv, Tall, Tstrat, Ttrop, T2 m, SST, and CERES ASR, OLR, RTMonthly Anomalies for
March 2000 to October 2013 for Global, Land, Ocean, and Tropics (30°N–30°S)a

Wv Tall Tstrat Ttrop T2 m SST ASR OLR RT

Global
Wv 1 0.70 0.21 0.66 0.60 0.48 �0.21 0.07 �0.22
Tall 1 0.07 0.99 0.72 0.51 �0.22 0.55 �0.57
Tstrat 1 �0.03 0.08 0.04 �0.01 0.20 �0.15
Ttrop 1 0.73 0.51 �0.23 0.55 �0.57
T2 m 1 0.55 0.14 0.46 �0.22
SST 1 0.11 0.15 �0.02
ASR 1 0.12 0.70
OLR 1 �0.63

Land
Wv 1 0.49 0.03 0.47 0.37 �0.18 �0.27 0.16
Ttrop 0.98 �0.15 1 0.84 0.45 0.56 �0.25
T2 m 0.80 �0.13 0.84 1 0.52 0.56 �0.16

Ocean
Wv 1 0.66 0.22 0.61 0.52 0.46 �0.31 �0.03 �0.27
Ttrop 0.99 �0.07 1 0.65 0.54 �0.34 0.42 �0.59
T2 m 0.63 �0.08 0.65 1 0.52 0.06 0.28 �0.12

Tropics
Wv 1 0.73 �0.02 0.70 0.72 0.52 �0.27 �0.09 �0.29
Ttrop 0.95 �0.28 1 0.87 0.73 �0.23 0.62 �0.69
T2 m 0.81 �0.29 0.87 1 0.87 0.05 0.50 �0.37

aItalic indicates 5% statistical significance.

Figure 6. Time series of global monthly and 12monthly running means of ASR, OLR, RT, and Ttrop.
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to more incoming radiation; and hence, the negative correlation with Ttrop relates to changes in clouds,
especially in the tropics, as noted in Figure 7. If there are more clouds and water vapor, then ASR is expected
to be less, and there is a negative correlation with water vapor (Table 2). However, the relationships with OLR
are much stronger and clearly result from higher temperatures emitting more radiation to space. As a result,
the net incoming radiation RT is negatively correlated with temperatures, modestly for T2m but strongly for
Ttrop. The cross spectra (not shown) reveal a lead by Ttrop of 1 to 2months over OLR, and RT with reverse sign.

3.3. Land, Ocean, and Tropical Domains

The following section presents maps of the spatial structure, and we have analyzed relationships separately
for the land and ocean domains (Tables 1 and 2). In terms of variance, the land values for ASR, OLR, and RT are
much larger than ocean and global values. In particular, the standard deviation of OLR is more than double
that for the ocean. Tropical mean values are also larger than global values by order 50% for all three
quantities. The most outstanding differences in relationships (Table 2) occur for ASR with temperatures,
where strong positive correlations of order 0.5 occur with T2 m and Ttrop over land while either significant
negative (�0.34 for Ttrop) or insignificant correlations (T2 m) occur over the ocean. For T2 m the correlation
with OLR doubles for land (0.56) versus ocean (0.28). Not shown in Table 2 is that whereas OLR and ASR
are strongly positively correlated (0.67) over land, the relationship is weaker (0.21) over the ocean. These
relate strongly to cloudiness, whereby reduced cloud increases both ASR and OLR and the variance is very
large over land where the surface temperature can respond and change much more than over the ocean.
Over many parts of the ocean such as with El Niño, higher SSTs promote low-level convergence, rain and
latent heat release, a moist adiabatic lapse rate, and higher tropospheric temperatures and cloud and thus
reduced ASR and OLR.

4. Spatial Structure

It is to be expected that if the correlations and regressions are instead performed locally at each grid point
and then the coefficients are globally averaged, the result will be different owing to both the spatial
correlations between water vapor, clouds, temperatures, and radiation and the spatial gradients in
variance. For instance, trends in total column water vapor are highly correlated spatially with those in SST
over the oceans [Trenberth et al., 2005]. In addition, when high values occur at one location, low values
occur elsewhere owing to atmospheric waves and associated weather, resulting in large cancelation globally.

Therefore, we begin with relationships betweenWv and temperatures, bothT2m and Ttrop. Both the correlations
and regressions are presented (Figure 8) because the strongest positive correlations >0.7 occur in the
extratropics poleward of about 40° latitude (recall the 5% significance level is 0.18), but the regression values
are small because the total amounts of water vapor are so low compared with the tropics, and hence, this
shows more the makeup of the global mean relationships. The correlation between T2 m and Wv monthly
anomalies (Figure 8) is strikingly similar to that between precipitation and surface temperatures [Trenberth
and Shea, 2005], and this similarity provides key clues to its origins. In the tropics, high precipitation, 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 hand-in-hand in
baroclinic 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.
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Figure 7. Correlations for zonal meanmonthly anomalies fromMarch 2000 to October 2013 for ASR, OLR, and RTwith ERA-I
temperatures for the whole atmosphere (black), troposphere (below 150 hPa) (red), stratosphere (blue), surface (purple),
and SST (green).
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The Wv-Ttrop relationships differ somewhat 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, cloud, high 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 these cases, the global mean correlations of Wv with temperatures
of 0.44 (T2 m and Ttrop) are slightly less than the correlations between the global mean fields of 0.60 and
0.66, respectively.

The local correlations between monthly mean anomalies of T2 m, Ttrop, andWv with ASR and OLR (Figure 9) and
RT (Figure 10) reveal considerable structure. For T2m with ASR, the relationship is predominately positive, as
higher ASR 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 more ASR. The correlation of T2m with OLR is also largely positive as higher temperatures radiate more
to space, except for the deep tropics where high cloud tops radiate less to space above high SSTs. For OLR
the positive land signature emerges strongly. This is especially the case for relationships between OLR and
Ttrop. However, ASR with Ttrop differs considerably from the T2 m 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, suggesting that cloud plays a major role, and higher temperatures in
warm advection in extratropical storms is accompanied by more cloud and less ASR.

The global mean of the local ASR correlations (0.25 for T2 m and 0.06 for Ttrop) versus the correlations between
the global means (0.14 and �0.22, respectively) is higher and the ocean relationship dominates (Table 2).
The reverse is true for OLR (0.20 and 0.25 versus 0.46 and 0.55), indicating a role of the land in the global
mean in radiating to space. However, maps of correlations of global mean temperature with local values
(not shown) bring out the coherence of the tropics (cf. Table 2 and Trenberth and Smith [2006, 2009]) and
ENSO relationships prevail.

For Wv, the relationship with both ASR and OLR (Figure 9) is very strong and negative throughout the tropics
and subtropics except off the West Coast of the Americas where low-level stratocumulus cloud plays a major

Figure 8. (left column) Local correlation coefficients and (right column) regression coefficients between (top row) T2 m-Wv
and (bottom row) Ttrop-Wv. The regression units are mmK�1. At bottom right of each panel the global mean is given as
well as, in parentheses, the correlation or regression between the global mean values. For correlations the 5% significance
level is 0.18.
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role for ASR [Clement et al., 2009]. Hence, in tropical disturbances water vapor increases in association with
cloud and this reduces ASR, and both the Wv and cloud reduce OLR. In higher latitudes, the positive
Wv-OLR relationship completely reverses when both are screened to remove the common temperature
influence. Hence, while the global mean correlation between OLR and Wv is �0.38 versus the correlation
between global means of 0.07, when both Wv and OLR have their common temperature dependence
removed using screening regression, the global mean of the correlations jumps to �0.62.

The correlations between T2 m and RT (Figure 10) are positive over most of the oceans between ±50° latitude,
and these are where the regression coefficients are strongest. The role of high cold clouds in the deep tropics
on both OLR and ASR has vanished. Effects of OLR with negative correlations dominate over Antarctica,
Australia, and most continental regions. The global mean correlation of 0.15 is higher than the correlation
between the global means (�0.22). The correlations between RT and Ttrop, however, are predominantly
negative, consistent with the combined effects of negative ASR correlations over ocean and positive OLR
correlations over land. The global mean of local correlations of �0.15 is much smaller, however, than the
correlation between the global means of �0.57.

That the Wv and RT correlations are so different than those between Wv with ASR and OLR highlight the role
of clouds locally and suggests that higher Wv increases RT in most parts of the low to middle latitudes except
over China, but the negative correlations at higher latitudes, especially in the Southern Hemisphere, reflect
the ASR relationship. All of these negative correlations reverse in sign when RT and Wv are screened for
temperature effects. Hence, the global mean correlation of 0.07 (versus �0.22 for correlation of global
means) increases to 0.16 when temperature effects are removed.

Figure 9. Local correlation coefficients between (left column) ASR and (right column) OLR with (top row) T2 m, (middle row)
Ttrop, and (bottom row) Wv. At bottom right of each panel the global mean is given as well as, in parentheses, the corre-
lation between the global mean values. The 5% significance level is 0.18.
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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.
Increases in water vapor clearly reduce OLR, but increases in temperatures, which are associated with
increases in water vapor, increase OLR. Hence, it is important to recognize this temperature dependence
in interpreting results. Cloud tends to be correlated with water vapor, and this adds another major
dependency that we cannot adequately define as the cloud databases are not yet up to the task. The
global mean of the regressions of RT versus Wv residuals (common temperature dependence removed) is
0.50Wm�2mm�1 versus the regression between the global means of 0.65Wm�2mm�1.

5. Feedbacks

We now return to equation (1) and especially the relationships between anomalies in global RT and
temperatures (Table 2). If we ignore F in equation (1) for the moment, the regression coefficient between
RT and Ttrop is �2.18 ± 0.10Wm�2 K�1; i.e., λ= 2.18 if F is zero. The correlation is �0.57, and 32.6% of the
variance is accounted for. For T2 m the regression coefficient is �1.13Wm�2 K�1. Temperature feedback is
frequently broken into the Planck feedback, which is the response of TOA flux to a uniform warming of
the surface and atmosphere, and the lapse rate feedback, which is the response of TOA flux to the
warming of the atmosphere relative to the surface [Dessler, 2013]. In our case, it is the combination of
these that is most appropriate [Ingram, 2013] and the net value of the blackbody radiation is about

Figure 10. (left column) Local correlation coefficients and (right column) regression coefficients between RT and (top row)
T2m, (middle row) Ttrop, and (bottom row) Wv. The regression units are Wm�2 K�1 for Figures 10 (top row) and 10 (middle
row) and Wm�2mm�1 for Figure 10 (bottom row). At bottom right of each panel the global mean is given as well as, in
parentheses, the correlation or regression between the global mean values. For correlations the 5% significance level is 0.18.

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022887

TRENBERTH ET AL. VARIATIONS IN TEMPERATURES AND RADIATION 3655



�3.2Wm�2 K�1; our value for T2 m is much less but the tropospheric value is much closer, as expected. This
signals that for every 1°C increase in global temperature of the troposphere, 2.18Wm�2 is radiated to space.
Global RT is therefore also negatively correlated with water vapor (Wv) (Table 2) because of the strong
positive correlation of 0.66 between Wv and Ttrop. The regressions suggest that Wv increases 1.08mmK�1

for Ttrop or 1.31mmK�1 for T2 m.

Once we statistically remove the Ttrop dependency from both RT and Wv, their residuals are positively
correlated at 0.26, suggesting that as Wv increases so does RT as part of the greenhouse effect of water
vapor at a rate of 0.65Wm�2mm�1. However, the total column water vapor, Wv, is not as directly related
to the greenhouse effect of water vapor as upper tropospheric values [Soden and Fu, 1995]. The
correlation between water vapor and OLR residuals (i.e., temperature dependence removed) is quite a lot
stronger �0.46 than for RT and the regression coefficient suggests 0.87Wm�2 less OLR to space per
millimeter of total column water vapor, highlighting the positive feedback effects of water vapor. However,
our results are likely obscured by cloud effects and because we have not accounted for the vertical
structure of water vapor. Gordon et al. [2013] provide a result for a regression of Wv versus simulated TOA
net irradiance anomaly from their radiation code with a correlation of 0.83, and an approximate regression
(from their Figure 2a) of 1.09Wm�2/mm.

Some other recent computations using the same period of CERES data but alternative surface temperature
data sets [Donohoe et al., 2014] separated out λ into a longwave and shortwave component and find that
λLW ranges from �2.2 ± 0.3 to �1.7 ± 0.2Wm�2 K�1, depending on the surface temperature field used, and
λSW is 0.7 to 0.9±0.4Wm�2 K�1 (1σ error bars). They include allowance for forcings in these results. In our case
without any forcing effects, the regressions are λLW=�1.7± 0.3Wm�2 K�1, while λSW=0.6± 0.4Wm�2 K�1

(1σ) is not significantly different from zero.

We now expand equation (1) to include water vapor as a variable:

RT ¼ F � 2:89ΔT þ0:65ΔWv þ ε (2)

where the 2.89 has units of Wm�2 K�1, the 0.65 has units of Wm�2mm�1, and Wv is in units of millimeter.
To remove the dependence on different units, the standard deviation is used to normalize the values
RT

N= RT/σRT, etc., so the superscript N refers to normalization; then

RT
N ¼ �0:74ΔTN þ 0:26ΔWvN þ ε (3)

and these account for 37.1% of the variance. Hence, Wv accounts for an extra 4.5% of the total RT variance.

We can also examine the cross correlations among the temperature and water vapor fields from ERA-I for a
much longer period. However, we limit the time to avoid the discontinuity in Wv starting in 1992, and hence,
for January 1992 to October 2013 global mean Wv and Ttrop are correlated 0.77, and global mean Wv is
correlated with both T2 m and SST at 0.70, all somewhat higher than in Table 2 for the shorter period, as
lower frequency variability has entered the calculation more strongly.

From the regressions, for a 1 K rise in global mean T2 m, global mean Wv empirically increases 1.2mm, which
in turn globally implies about 1.0Wm�2 increased trapping of radiation. However, it is not appropriate to
interpret this quantitatively as to how much a rise in temperature affects water vapor feedback because it
fails to account for spatial correlations, vertical structure, and relative humidity variations [e.g., Ingram,
2013]. Hence, this value is somewhat less than that found as a direct feedback from water vapor by Dessler
[2013] and Gordon et al. [2013], but it provides clear support for the positive water vapor feedback
effects empirically.

Since 2000, the radiative forcing from long-lived Greenhouse gases (GHGs) is fairly linear at about
0.37Wm�2 decade�1 [Dlugokencky et al., 2014, Figure 2.34], for March 2000 to October 2013. Forcings are
discussed more generally by Forster et al. [2013], and changes in forcings from aerosols are small in this
period. However, the linear temperature trend for Ttrop is only 0.052 K/decade since 2000, and so including
this term would change λ only to 2.28. Using an F of 3.7Wm�2 would then imply a climate sensitivity of
1.62 K using the tropospheric temperature. But this is not really the equilibrium climate sensitivity as it is
not based on the climate response to forcing, a point well made and discussed by Murphy et al. [2009],
and a sizable fraction of the warming is not manifested in surface temperature changes [Trenberth et al., 2014].
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What we have measured here instead is the tremendous monthly variability that occurs associated with internal
variability and weather. Together the temperature and water vapor fields can account for only 37% of the
variance leaving 63% unaccounted for, and presumably this is largely associated with clouds. If we do this
exercise using the traditional surface (2m) temperature anomalies, we can account for only 5%of the RT variance.

Instead, what we have is an improved documentation of the feedbacks from temperatures and total water
vapor to monthly net radiation. The main greenhouse effect of water vapor actually occurs through upper
tropospheric water vapor, not the bulk water vapor near the surface that dominates the column amount
(although the two are not unrelated) [Soden and Fu, 1995; Bony et al., 1997; Inamdar et al., 2004].
Nevertheless, after removal of the temperature dependence, we find a positive correlation of 0.26
between Wv and RT that supports a positive water vapor feedback. However, the negative temperature
feedback is quite strong.

6. Concluding Remarks

Making use the newly available CERES data that span close to 14 years, we examined 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. We demonstrated that the monthly
time series of TOA net radiation anomalies from CERES and ERA-I for the period of March 2000 through
October 2013 agree well with each other despite data deficiencies. We computed correlations and
regressions between water vapor, atmospheric temperatures, and TOA net radiation as well as OLR and ASR.

A central goal of this study is to explore the amplitude and character of the large month-to-month variability
in TOA radiation. Standard deviations of anomalies are ~ 0.65Wm�2, and hence, fluctuations of ±1Wm�2 are
common in the net downward radiation. Yet we seek small 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 MJO in the tropics, or weather noise in the extratropics. Such
noise arises from partial sampling of weather systems, such as a low pressure system 1month and the
associated high-pressure perturbation the next. The monthly global anomaly autocorrelation for ASR is
0.10, suggesting the monthly cloud variations have very little persistence. However, there is also some
clear interannual variability, dominated by ENSO, and this does have a known temperature signature as
well. Hence, some of the high-frequency variability is related to partial sampling of weather systems; 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.

Increases in cloud, precipitation, and water vapor go hand-in-hand and decrease ASR, which reduces surface
temperature. Over the ocean the latter occurs in SSTs and over land surface changes in available energy also
affect evapotranspiration. The strongest relationship overall is that increased temperature leads to more OLR.
In particular, land areas, especially in the extratropics, provide a strong window for radiation to escape to
space. The biggest exception is in the deep tropics where high SSTs are accompanied by deep convection
and high cloud tops, and thus less ASR and OLR, but these effects cancel for RT. Because Wv is correlated
with temperature, it is essential to statistically remove the common temperature dependence on Wv and
radiation fields to reveal the increased trapping of longwave radiation and lower OLR when Wv increases.
There are notable differences between relationships for surface T2 m temperatures and tropospheric
temperatures, especially with ASR, where the correlation changes from positive to negative over most of
the oceans, as higher tropospheric temperatures are associated with more cloud and less ASR. In most of
these physical relationships, the implied causality is that the change in temperature and water vapor affect
the radiation, rather than the radiation causing changes in the temperature. However, for ASR, which
mainly varies with clouds, increased surface radiation increases surface temperatures, and thus, there is a
positive correlation with T2 m and SST, and with snow-albedo effects apparent over land.

There is a lot more high frequency variability in the global radiation fields than there is in the temperature
fields, highlighting the role of clouds and transient weather systems in the radiation statistics. On longer
time scales ENSO effects are revealed, but they do not seem to be consistent throughout the record.
Strong variations occur in 2008–2012, from the 2008–2009 La Niña to the 2010 El Niño and back to the
2011–2012 La Niña and with excursions in 12month average RT exceeding 1Wm�2. In this period, cooler
surface conditions decreased cloud, which increased ASR, and reduced OLR, creating a positive energy
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imbalance, while the reverse was true for the El Niño; indeed, the oceans lost heat following El Niño
[Trenberth et al., 2014]. The dominance of natural variability and weather processes on the time scales we
can explore with these data sets limits what can be said about climate change and climate sensitivity.

The correlation between monthly mean surface temperature and net radiation anomalies over the March
2000 to October 2013 period is only �0.22. There is a lot more confidence in the relationship with
tropospheric temperature, as also found by Spencer and Braswell [2010]. Vertically averaged tropospheric
temperatures correlate significantly with net incoming radiation at �0.57 globally, with a regression
coefficient of �2.18 ± 0.10Wm�2 K�1. Once the total column water vapor is included and the dependency
of water vapor upon temperature is removed, the regression coefficient becomes �2.89Wm�2 K�1.
Hence, if there were a 1°C increase in temperature but no change in water vapor, there is implied
2.89Wm�2 extra radiation to space. These values are less than expected from blackbody radiation
(�3.2Wm�2 K�1), signaling the positive feedbacks from other processes, including ice-albedo effects and
most likely clouds [Clement et al., 2009]. However, we have not properly isolated the feedback effects,
since that requires accounting for the vertical structure of water vapor and temperature. Nevertheless,
such empirical relationships may be useful for validating climate models.
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