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Abstract

Top-of-the-Atmosphere (TOA) net radiative flux anomalies from Clouds and Earth’s Ra-
diant Energy Systems (CERES) Energy Balanced and Filled (EBAF) and surface air
temperature anomalies from HadCRUT3 were compared for the time interval Septem-
ber 2000—May 2011. In a phase plane plot with the radiative flux anomalies lagging the
temperature anomalies with 7 months the phase plane curve approached straight lines
during about an eight months long period at the beginning and a five year period at
the end of the interval. Both of those periods, but more clearly the latter one, could be
connected to the occurrence of distinct EI Nino Southern Oscillation (ENSO) episodes.
This result is explained by using a hypothesis stating that non-radiative forcing con-
nected to the ENSO is dominating the temperature changes during those two periods
and that there is a lag between the temperature change and the radiative flux feed-
back. According to the hypothesis the slopes of the straight lines equal the value of the
climate feedback parameter. By linear regression based on the mentioned five year pe-
riod the value of the climate feedback parameter was estimated to 5.5+ 0.6 W m2K™’
(+ two standard errors).

1 Introduction

The estimation of the value of the climate feedback parameter from satellite data of
the radiative flux from Earth to space has caused some recent debate in the scientific
literature.

Trenberth et al. (2011) have discussed this issue in a critical review. Trenberth et
al. (2010) also address some of the background of this problem. For a recent more
general overview of the literature on global climate feedbacks see the Introduction by
Masters (2012).

It has been suggested that the climate feedback parameter (both the total and its
parts for example connected to clouds) may be determined by a linear regression of
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the change in the net radiative flux anomaly versus the change in the surface air or
the sea surface temperature anomaly (Trenberth et al., 2010; Dessler, 2010). How-
ever, Spencer and Braswell (2010) suggested that such a method would be ambigu-
ous considering its failure to separate the changes in the net radiative flux anomaly due
to feedback (caused by temperature changes) from changes due to varying radiative
forcing through, for example, changing clouds. Masters (2012) found that the method
used by Dessler (2010) generated large uncertainties causing difficulties in drawing
conclusions from the results.

The climate feedback parameter is closely related to the equilibrium climate sensitiv-
ity (Gregory et al., 2004). For example, a true value of this parameter of 1.2 Wm=2K™ ,
which is a typical value from climate model simulations (Gregory et al., 2004), corre-
sponds to a climate sensitivity of 3.7/1.2 =3.1K for a doubling of the carbon dioxide
mixing ratio.

An unusually high value of the climate feedback parameter of 6Wm2K ' is sug-
gested by the phase plane plots in Spencer and Braswell (2010). This corresponds to
a very low climate sensitivity that disagrees with the majority of the other estimations
of the climate sensitivity (Knutti and Hegerl, 2008; Randall et al., 2007; Huber et al.,
2011). A discussion of the various methods for estimation of the climate sensitivity is
beyond the scope of this work. Here we discuss a method for estimating the value of
the climate feedback parameter from satellite radiative flux data and leave the question
how to relate the result from this method to the equilibrium climate sensitivity to future
work.

In Trenberth et al. (2010, 2011) and Dessler (2011) the authors draw special atten-
tion to the role of El Nino Southern Oscillation (ENSO) during the first decade of this
millennium. Loeb et al. (2012) have discussed how TOA radiative flux anomalies have
changed due to ENSO events.

In this work it is suggested from the analysis of the relation between the surface air
temperature anomaly and the TOA net radiative flux anomaly, derived from the Clouds
and Earth’s Radiant Energy Systems (CERES) Energy Balanced and Filled (EBAF)
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product (Loeb et al., 2009), that an assumption that ENSO has completely dominated
the temperature changes during the whole period September 2000—May 2011 is not
valid. However, it is suggested as a hypothesis that ENSO dominated the change in the
surface air temperature anomaly in parts of this period especially the five year period
mid-2006 to mid-2011. The study of that period appears to be useful for estimating a
value of the climate feedback parameter by using phase plane plots similar to those
suggested by Spencer and Braswell (2010).

2 Theoretical background

According to the concepts of radiative forcing and feedback, as described by Gregory
et al. (2004), the net downward radiative flux at the top of the atmosphere (TOA) is sep-
arated into a forcing term, positive downwards, and a feedback term, positive upwards.

N=F-H (1)

Gregory et al. (2004) adopted results from model experiments with Global Circulation
Models (GCMs) that the feedback term is proportional to the surface air temperature
change:

H = aAT (2
This gives the following simple linear model equation for the TOA radiative flux:
N =F -aAT (3)

Gregory et al. (2004) used this simple model to study feedback in Global Circulation
Models (GCMs) and coupled Atmospheric Ocean GCMs (AOGCMs) in model experi-
ments with 2xCO, och 4xCO,. In such experiments the radiative forcing in principle is
changed instantaneously and after that kept constant.
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Gregory et al. (2004) plotted the changes in the TOA net downward radiative flux
N vs. the surface air temperature changes. The relaxation process in the model ex-
periments resulted in straight lines, the slopes of which correspond to the feedback
parameter a, the intercepts on the y-axis give values of the radiative forcing and the
intercepts on the x-axis are measures of the climate sensitivity in case of a 2xCO,
model experiment.

Such plots were done for total net radiative flux, for long wave (LW) and for short
wave (SW) flux.

Spencer and Braswell (2010) used the same conceptual framework and model equa-
tion for the net radiative flux for evaluating radiative flux observations with satellites.
They reasoned that if satellite data of net radiative flux anomalies are plotted vs. tem-
perature anomalies and the points are connected in time sequence to obtain a phase
plane plot, segments of straight lines should appear in periods when the radiative forc-
ing has a constant value. The slope of such segments would be equal to the feedback
parameter a. If segments with the same slope would appear several times in the phase
plane plot at difference to more randomly occurring slopes of other line segments this
would be a strong indication that this slope corresponds to the feedback parameter
value.

Spencer and Braswell (2010) used one month averaging and three month averag-
ing for CERES data. For data from The Earth Radiation Budget Experiment (ERBE)
they used 216 days averages. They found indications of the expected segments of
straight lines (also called striations) when using phase plane plots of the net radiative
flux anomalies vs. middle troposphere temperature anomalies both using ERBE and
CERES data. They selected the middle troposphere temperature because it is more
correlated to the TOA radiative flux than the surface air temperature.

For the application of the method by Spencer and Braswell (2010) it is essential to
use anomalies of the net radiative flux and the temperature in order to eliminate the
seasonal variations. This is because the time periods are too short in order to plot only
whole years as in the case of Gregory et al. (2004).
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Spencer and Braswell (2010) also found interesting great loops in the phase plane
diagrams, with large excursions of the temperature anomaly, especially in connection
with the Mount Pinatubo cooling in ERBE data and with the 2008 La Nina cooling and
subsequent warming in CERES data.

They further applied their phase plane method to the radiative flux data from
AOGCMs where they studied phase planes not only with total net radiative flux but
also with LW and SW fluxes. In those cases they used surface air temperature anoma-
lies and 11 months low pass filtered averages. They studied periods of 50 yr of length.

Indications of striations were found in the LW phase planes of four of the AOGCMs
and their slopes coincided with the feedback parameter values determined by Forster
and Taylor (2006). However, in the phase plane diagrams for total net radiative flux or
SW flux none of the AOGCMs produced significant striations. The result with LW phase
planes is a support for the method since the AOGCMs confirm that if many striations
appear with a common slope, this slope equals the value of the feedback parameter.

The present study is based on the idea of using phase plane plots according to
Spencer and Braswell (2010). The main innovation in this study is the usage of phase
plane plots where the radiative flux with a time lag is plotted vs surface temperature.

3 Data and methods

The TOA radiative flux data used was retrieved from the CERES EBAF product avail-
able online (NASA CERES EBAF, 2012). More details about the radiative flux data and
the calculation of anomalies are given in the supplementary material. Loeb et al. (2009)
give a background of and discuss the design of the CERES EBAF product. The surface
air temperature anomalies used are from HadCRUT3 (Brohan et al., 2006).

The monthly anomalies for the net radiative fluxes from CERES EBAF were calcu-
lated as deviations from the monthly averages for the period 2001-2011. Both the net
radiative flux anomalies and the surface air temperature anomalies were smoothed
by calculating running centered 13 months averages. The choice of 13 months for
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smoothing is suitable for comparing the results with those of Gregory et al. (2004) that
are plotted annually.

4 Results

The net radiative flux anomalies calculated from CERES EBAF data are compared with
surface air temperature anomalies according to HadCRUTS3. At first the two data series
are plotted as a function of time and compared. After that various plots are discussed
based on the phase plane method proposed by Spencer and Braswell (2010).

4.1 Comparison of the time series

In Fig. 1 the two time series of net radiative flux anomalies and the surface air tempera-
ture anomalies are plotted. Since the net radiative flux is defined as positive downwards
and the upward radiative flux increases as a result of feedback from a temperature in-
crease the negative radiative flux, —N, has been plotted for convenience. Note that the
scale factor between the two y-axes is 6 Wm™2K™".

Obviously a lead-lag relation can be seen in Fig. 1 between the surface temperature
anomaly and the net radiative flux anomaly during the five year period of mid-2006 to
mid-2011. This is especially obvious from how the turns in the temperature curve from
increasing to decreasing and vice versa is followed by turns in the radiative flux curve
but with a lag.

The part of the temperature curve of interest here starts with its turn from decreasing
to increasing in the middle of 2006. At about the same time the outgoing net radiative
flux anomaly also turns from decreasing to increasing. When the temperature anomaly
after this turn increases the outgoing net radiative flux increases in the proportion of
around 6Wm™2K~" with a time lag of around seven months.

After the temperature anomaly turns to decreasing at the beginning of 2007 the
outgoing net radiative flux also turns to decreasing with a time lag of around seven
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months. The net radiative flux anomaly continues to change in the proportion of around
6Wm 2K to the temperature anomaly.

The next time the temperature anomaly turns, then from decreasing to increasing,
is at the beginning of 2008. Again the outgoing net radiative flux turns from decreas-
ing to increasing with a time lag, now possibly a little longer than seven months. The
proportion between the change of the outgoing net radiative flux anomaly and the tem-
perature anomaly change is still around 6Wm 2K ™. Finally the temperature turns in
the beginning of 2010 and again the net radiative flux turns, now a little earlier than
with a seven months lag.

This time period was dominated by a series of alternating La Nina och an El Nino
(NOAA, 2012). During such ENSO oscillations a large amount of heat is oscillating
between the deep ocean and the mixed layer (Trenberth et al., 2010). Assuming that
external radiative forcing may be neglected compared to the non-radiative forcing by
the deep sea on the mixed layer during this period, the changes in net radiative flux
anomaly should be dominated by the feedback from the temperature change.

Obviously the change in the net radiative flux anomaly is proportional to the change
in the temperature anomaly with a lag. The proportionality factor is about BWm2K™'.

During the first period of the diagram there are also some lead-lag relations between
the surface temperature anomaly and the net radiative flux anomaly. This is further
discussed in the following.

4.2 Phase plane plots

In Fig. 2a the phase plane plot according to the method by Spencer and Braswell (2010)
is given. Again the negative radiative flux, —N, has been plotted in order to follow the
same sign convention as used by Spencer and Braswell (2010).

For comparison a red line with the slope 6Wm 2K~ has been inserted. In this
diagram there are only a few short clear linear striations to be found with a slope close
to 6Wm 2K, Spencer and Braswell (2010) drew attention to the great loop seen in
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this diagram for the time period around the end of the decade with a La Nina and an El
Nino but they did not further explore it.

However, two sine functions x = a sin(@t) and y = b sin(@f + ¢) with the same angu-
lar frequency but different phase give an elliptic loop in a phase plane plot. When the
phase shift ¢ — 0 this elliptic loop will approach a straight line y — y, = g(x - Xp)-

We have already seen from Fig. 1 that the surface air temperature anomaly and the
net radiative flux anomaly oscillate nearly as phase shifted sine functions during the
five year period of mid-2006 to mid-2011. Hence a logical next step is to draw a phase
plane plot with a lag based on the phase shift seen in Fig. 1. Figure 2b shows a phase
plane plot where the net radiative flux anomaly lags the surface temperature anomaly
with seven months. Again a red line with the slope 6 Wm™2K™" has been inserted.

This plot is remarkable. During two time periods the curve closely approaches
straight lines with a slope around 6 Wm™2K™". The second five year long one of those
two periods is clearly dominated by ENSO oscillations.

4.3 Phase plane plots for mid-2006 to mid-2011

According the hypothesis that the time period mid-2006 to mid-2011 was dominated by
ENSO the external radiative forcing should have a minor importance. The changes in
the surface temperature anomaly should be dominated by the non-radiative forcing by
the deep ocean on the mixed layer. If we add the hypothesis that the feedback of the
net radiative flux anomaly from the changes in the surface temperature anomaly has a
lag we should get the same lagged linear correlation albeit the dots are connected or
not.

This is illustrated in Fig. 3a showing the phase plane plot for the five year time pe-
riod mid-2006 to mid-2011. As before the time lag of the net radiative flux anomaly
compared to the temperature anomaly is 7 months.

The red line is the least square regression line giving a slope of 5.3 + 0.6Wm 2K
The error limits are given as twice the standard error. The R? value is 0.85. Hence this
combination of the methods used by Spencer and Braswell (2010) and by Trenberth et
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al. (2010) together with the assumption of a time lag for the feedback supports a high
value of the climate feedback parameter.

However, that analysis does not account for the expected trend in external forcing.
From NASA GISS forcings (2012) the trend in greenhouse gas forcing 2005—-2010 was
estimated to approximately 0.04Wm~2a~" and the trend in the net forcing was around
0.05Wm™=2a~".

Hence we should expect a corresponding small linear trend in the net radiative flux
anomaly. To explore the possibility of such a linear lasting trend the net radiative flux

anomaly data was also regressed to the following linear model:
=N(t) = F + aAT (t —ti,g) + bt (4)

In this case the slope a = 5.5+0.6 Wm 2K~ while b = —0.025+0.030 Wm™2a~". The
R? value is 0.86. This result does not exclude a possible linear trend with a value
around the forcing trends according to NASA GISS but due to the wide error limits no
conclusion is possible. There may also be a trend in the CERES instrument of a few
multiples of 0.01 Wm™2a~" (Loeb et al., 2009).

In Fig. 3b the same phase plane plot is seen together with the plot, the red see-saw
line, of the calculated values according to the model Eq. (4).

5 Discussion

The time lag in the feedback of the net radiative flux to changes in the surface air
temperature is not compatible to Eq. (3). In the phase plane plots in Figs. 2b and 3
we have plotted -N(f) vs. AT (z‘ - t|ag). However, according to Gregory et al. (2004)
the feedback term in Eq. (1) is found to be proportional to the temperature change in
climate models. Assuming that the time lag has not given much distortion of the results
from climate model simulation results the following modified equation with at time lag
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of t54 is proposed:
N(t) = F — aAT (t - t,g) .- (5)
5.1 The hypothesis of a lag in the feedback

How compatible is the hypothesis of a lag between the temperature anomaly change
and the feedback in the net radiative flux anomaly with the theory of Gregory et al.
(2004)? Would the time lag not result in a distortion of the straight lines that are seen
in the 2xCO, and 4xCO, experiments from the climate models used by Gregory et al.
(2004)?

This question may be elucidated by comparing the phase plane plot from a 4xCO,
experiment with and without a time lag in the net radiative flux feedback. We will as-
sume that the temperature response after quadrupling of the carbon dioxide mixing
ratio follows the simple Energy Balance Model (EBM) as described by Andrews (2010,
p.198).

The solution of the EBM to an instantaneous step change in the carbon dioxide
mixing ratio, resulting in a constant forcing of F; Wm™2, is:

F
AT = ?1 (1 -exp(~t/17)) (6)

This is not a rigorous solution of the temperature response in case of a feedback with a
time lag, However, for the purpose of this analysis we only need the approximate form
of the curve for the temperature response.

Assuming that the feedback in the net radiative flux occurs with a time lag of ¢,,4 the
net radiative flux is described by Eq. (5) giving:

N(t) = Fy — QAT (t - tiq) = Frexp (- (t - tiag) /7) 7)

In Fig. 4a those two equations have been plotted as a function of time with #,,5 =7
months and with the parameter values in line with the 4xCO, experiments in Gregory
35
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et al. (2004):

a =12Wm 2K
Fy =7.4Wm™2
7 =10yr

Note that —N for convenience has been plotted in Fig. 4a and that the scale factor
between the two y-axes equals a.

In Fig. 4 the phase plane plots with (red) and without (blue) the seven months lag
time are shown. Here N has been plotted in order to follow same sign convention for
the net radiative flux as in Gregory et al. (2004). Note that in the case without time lag
the straight line merely is a consequence of the assumption in the EBM that Eq. (3) is
valid. Obviously a time lag of seven months has only a minor effect on the slope and
the intercept of the straight line according to the method by Gregory et al. (2004). The
phase plane plots in Fig. 4b are very similar to the plots in Figs. 1 and 2 in Gregory et
al. (2004).

The small impact of the time lag according to Fig. 4b may be explained by the form
of the temperature curve. The curve is monotonically increasing with slowly changing
slope compared to the time scale of the time lag. With the rapidly changing see-saw
type of curve according Fig. 1 we have another case where the time lag has a consid-
erable impact and cannot be neglected in the analysis.

Similar lead-lag relations have previously been observed according to the literature.
Lindzen and Choi (2011) in their attempt to estimate the climate feedback parameter
found that it is important to consider a lag between surface temperature changes and
feedback in the TOA radiative flux. Their study concerned the tropics and they made
a linear regression using changes in the anomalies of TOA radiative fluxes against
changes in the sea surface temperature anomalies (SST). Best correlations were ob-
tained with a few months of lag between the SST and the radiative fluxes. Further
observations of similar lead-lag relations have been reported (Spencer and Braswell,
2011; Trenberth et al., 2011; Dessler, 2011). Such lead-lag relations are also found
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in the results from advanced climate models (Lindzen and Choi, 2011; Spencer and
Braswell, 2011; Trenberth et al., 2011; Dessler, 2011).

Considering water vapor, clouds, precipitation, global circulation etc. as an integrated
system, as described by Stephens (2005), which gives feedback in the TOA radiative
flux from global temperature changes, it seems reasonable to assume a lead-lag rela-
tion. Especially if the global temperature change is forced in connection with the ENSO
there should be a considerable lag time before the temperature change has resulted in
feedback from the whole planet.

5.2 The length of the time period

How reasonabile is the length of the time period, mid-2006 to mid-2011, for our estimate
of the climate feedback parameter? From Figs. 1 and 2 in Gregory et al. (2004) we can
see that according to a 4xCO, experiment a time period of five years may give a
fairly well defined straight line in the phase plane plot with a slope equal to the climate
feedback parameter. We may also note that the variation in the net radiative flux during
this five year period according to Gregory et al. (2004) is about 3Wm™2 for a 4xCO,
experiment and half of that for a 2xCO, experiment. This is in the same range as the
variations we see in Fig. 3 in this work.

Thus the resuts from the climate models support that a five year period used for
estimating the climate feedback parameter may well give a reasonable result. Further
support for getting a reasonable value is that also the variations in net radiative flux are
in a similar range as in the climate model experiments,

5.3 Comparing methods

What are the similarities and differences between the method by Gregory et al. (2004)
and the method studied here? Let us use Eq. (5), N(t) = F — aAT (t - tj4), as a basis
for the comparison.
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In Gregory et al. (2004) F, after the initial large step perturbation, varies randomly
around an average due to the natural variations that the climate model expresses.
Hence the points in the phase plane plot approach a straight line with the slope of —a
when N(f) is plotted vs AT (z‘ - z‘lag). This method may be used for evaluating climate
model experiments but is not useful for the real climate system.

The method studied in this work may be applied to the real climate system. In this
case F varies much less than aAT (t— t|ag) because AT is assumed to get large
changes due to non-radiative forcing from the deep sea on the mixed layer during time
periods dominated by ENSO episodes. Hence the points in the phase plane plot ap-
proach a straight line with the slope @ when —-N(t) is plotted vs AT (t - z‘|ag) (if we make
the phase plane plot according to the sign convention used by Spencer and Braswell,
2010).

Due to the shape of the temperature response the time lag may be neglected in the
first method but not in the second.

By using a variation of the EBM Spencer and Braswell (2010) have demonstrated
how linear striations with a slope equal to the climate feedback parameter may appear
in the phase-plane when non-radiative forcing is acting on the climate system in time
periods with little variations in the radiative forcing. Here we have found such a case
where the dominating forcing of the climate system is non-radiative in connection with
ENSO during a five year period.

The reason that a longer ENSO-driven period with a dominating non-radiative forcing
has not been considered in previous work is that the possibility of a time lag in the
feedback process was not explored. Thus Spencer and Braswell (2010) found a great
loop in the phase-plane plot during the La Nina 2008. According to Eq. (3) such a loop
should mean large variations in the radiative forcing F. However, our results suggest
that Eq. (3) is too approximative in our case and it must be modified to account for the
time lag in the feedback process resulting into Eq. (5).
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5.4 Comparing time intervals

Two time intervals by our hypothesis are assumed to be dominated by ENSO episodes
while one is not. There was a strong La Nina JJA98-FMAO01 (NOAA, 2012). The first
time interval showing a straight line in Fig. 2b, May 2001-January 2002 may be con-
nected to the final global recovery from this ENSO episode although this is not very
clear.

Then we have the time period January 2002—-May 2006. See Fig. 1. Although there
was a strong EI Nino AMJ02-JFM03 (NOAA, 2012) this seems not to have given much
non-radiative forcing compared to radiative forcing. There is furthermore a drop in the
temperature curve in the second half of 2002 followed by a drop in the radiative flux
curve with a lag but this cannot be explained by any ENSO episode. The whole period
seems mostly to be characterized by variations of similar magnitude in both terms in
the right hand side of Eq. (5).

The final time interval May 2006—June 2011 may be explained by a series of alter-
nating La Nina and EI Nino beginning with a La Nina at ONDO5 (NOAA, 2012). This
alternating ENSO sequence according to our hypothesis causes the temperature curve
to oscillate due to the effect of non-radiative forcing. Consequently the second term in
the right hand side in Eq. (5) dominates during this time interval making it suitable for
estimating a.

5.5 The relevance of the climate feedback parameter value

Compared to a step forcing change experiment in our case the net radiative flux and the
temperature are varying at a much higher rate, including changes between increasing
and decreasing values. Since according to our hypothesis the temperature change is
the cause and the net radiative flux change is the effect it is possible that there is some
sort of inertia effect in the radiative flux changes. In that case those changes would
become smaller than in a step change experiment giving a smaller value of the climate
feedback parameter than otherwise.
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On the other hand in a step change experiment progressing over multidecadal peri-
ods the climate model may account for such feedbacks as changes in the cryosphere.
Such feedbacks are unlikely to be seen for a period of only five years as studied in
this work. This effect would possibly give a too large value of the climate feedback
parameter in our case.

Another issue to be considered in future work should be that the large value of the
climate feedback parameter according to this work disagrees with much of the litera-
ture on climate sensitivity (Knutti and Hegerl, 2008; Randall et al., 2007; Huber et al.,
2011). However, the value found here agrees with the report by Spencer and Braswell
(2010) that whenever linear striations were observed in their phase plane plots the
slope was around 6 Wm™2K™'. Spencer and Braswell (2010) used middle tropospheric
temperature anomalies and although they did not consider any time lag they may have
observed some feedback processes with negligible time lag considering that the tro-
pospheric temperature is better correlated to the radiative flux than the surface air
temperature. The value found in this study also agrees with Lindzen and Choi (2011)
who also considered the effects of lead-lag relations.

6 Conclusions

The analysis of the time series in Fig. 1 suggest a clear lead-lag relation between
the variations in the surface air temperature anomaly and the TOA net radiative flux
anomaly during two parts of the observed time period September 2000—May 2011.
During those two time periods, about eight months at the beginning and five years at
the end, the net radiative flux anomaly lags the surface air temperature anomaly with
around seven months.

This observation was confirmed by using a phase plane plot of the net radiative flux
anomaly with a seven months lag vs. the temperature anomaly (see Fig. 2b). During the
two time periods the phase plane curve approaches straight lines with a slope around
6Wm 2K ™.
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Those results, but more clearly in case of the second five year period, support the
hypothesis that such lead-lag relations, exhibiting straight lines in the phase plane plots,
occur when non-radiative forcing is dominating the changes in the temperature due to
ENSO episodes, while the variations in radiative forcing are comparatively negligible.
The data could be interpreted using Eq. (5) describing the relation between the lagged
net radiative flux anomaly and the surface air temperature anomaly.

Using Eq. (5) as a linear regression model for the five year period mid-2006 to mid-
2011 gave, as illustrated in Fig. 3, a value of the climate feedback parameter of a =
55+0.6Wm 2K

Supplementary material related to this article is available online at:
http://www.earth-syst-dynam-discuss.net/4/25/2013/esdd-4-25-2013-supplement.
pdf.
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