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Greenhouse gases transmit (most of) shortwave radiation and absorb 
long-wave back-radiation from the Earth’s surface. This absorption warms 
the atmosphere, which then sends additional downward longwave 
radiation toward the Earth’s surface. The net downward radiation flux in 
the presence of the greenhouse gases (solar + atmospheric downward 
radiation) is therefore larger than in the absence of greenhouse gasses 
(solar only), so the surface must warm to a larger temperature to achieve 
equilibrium.
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This is a pioneering work using theoretical and observational analyses to 
suggest human-induced long-term climate trends. Note that the 0.005K 
number appears to be tiny compared to day-to-day or even year-to-year 
temperature variations at a single location, but it translates into a 
substantial temperature warming over long term, especially compared to 
spatially averaged (e.g. global-mean) variability.

•3



… and, indeed, CO2 is increasing and is now way above the pre-industrial 
levels (based on proxy data). Also, it is pretty uniformly distributed 
horizontally (bottom panel), and it’s a “good news” for our ability to detect 
temperature trends radiatively forced by the CO2 increase, since we can 
do it for multiple stations all over the world. Why is it a good news? –
because we can reduce signal contamination due to internal atmospheric 
“noise” (which is different for any two stations that are far apart) by 
averaging the temperature trends measured all over the world (cf. 
Callendar’s paper above).
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This illustrates the analysis of global temperature using one of the state-
of-the-art observational in-situ data sets. It currently streams information 
from about 5500 weather stations worldwide (much fewer stations in the 
beginning of the instrumental record, leading to large uncertainty in 
computing the global-mean). Each station also has gaps in data and 
errors associated with measurement accuracy. Data homogeneity is an 
important issue when addressing long-term trends (because different 
observational techniques can result in bogus climate “jumps”). Note the 
non-uniformity of warming, with global temperatures steady before 1880 
and decreasing from about 1940 to 1970. This decrease was a major 
factor for Callendar’s work being under-appreciated at that time 
(apparently, his predictions failed to verify, right!) Why? – because CO2 is 
only a part of the story, we’ll get to that later.
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Similar (or even more challenging!) issues exist with regards to 
instrumental data over the oceans!
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Satellite data provided observations with unprecedented coverage since 
about 1970s.
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State-of-the-art climate models are complex (yet incomplete!), but (and) 
prone to uncertainty due to ad hoc parameterizations of subgrid-scale 
(“unresolved”) processes (for example, the production of and effects of 
clouds on the climate of an individual atmospheric box). This uncertainty 
is not a small thing (e.g., see the next two slides).
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The process of choosing model parameters entering parameterization of 
subgrid-scale processes to make sure the model best matches the 
observed climate is called tuning. The problem is multiple combinations of 
model parameters may be used to achieve essentially the same model 
climate, but different responses to variable forcing.
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Here is how it looks! Changing, slightly, a couple of adjustable parameters 
in a model may result in major changes in the long-term climate trends 
simulated by the model (Black-to-gray: observational data sets; color lines 
– model simulations with different cloud-scheme parameters).
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One way of accounting for uncertainties in physical parameterizations 
within climate models is to use ensemble of models with different such 
parameterizations… Such models are developed and run by major climate 
research centers all over the world, producing a massive database for 
analyzing the dynamics of climate change.
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Climate variations may be due to climate system’s response due to 
variability in external forcing(s) or be internal to the climate system (and, 
hence, exist under constant-forcing conditions).
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Ensemble simulations provide means to isolate forced signal by averaging 
over multiple forced runs of an individual model started from different 
initial conditions, since these runs would be characterized by the same 
forced signal, but uncorrelated realizations of internal variability.
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Reanalysis products is our best guess(es) of the climate variability over 
the duration of the observational record, providing essentially continuous 
information in space and time. Different reanalyses combine different 
models with different observational data sets and may result in different 
estimates of climate states and their evolution. Note that the models used 
to produce reanalysis are also imperfect and model errors may be an 
issue as well.
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Climate science is a data-driven science, but numerical climate models is 
its main analysis tool!
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Human induced climate change is to be categorized as the response of 
the climate system to variability in the external (to cilmate system) forcing.

•16



Using theories, observations and models, we can address various 
questions associated with the problem of global warming. Is there a 
warming of a planet on average over the past 150 years? – Sure, we saw 
the observational evidence before. Is it somehow associated with 
increasing carbon dioxide in the atmosphere? – Very likely: after all, the 
CO2 concentration increased to levels unprecedented in at least several 
thousand centuries in the past and the net rate of warming is consistent 
with theoretical estimates based on greenhouse effect physics. Is much of 
this CO2 increase due to human activity? – Perhaps: industrial revolution 
is the major phenomenon delineating the 20th century from the 19th. Is the 
warming uniform throughout the globe? For example, do you think 
Milwaukee warmed from 1900 to 2000? No! For example, polar regions 
warmed much faster than the rest of the world, and there are regional 
warming “holes.”
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While models do reproduce well the global-mean warming (next slide), 
they miss some important features of the observed regional dependence 
of the global warming.
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The same applies to the apparent non-uniformities of global warming in 
time. Smoothed multidecadal deviations of individual CMIP5 runs from 
their forced signals are much smaller than the observed deviations, which 
exhibit an oscillatory-like globally propagating signal, the so-called 
stadium wave (Kravtsov et al. 2018, next slide).
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Stadium wave originates as a temperature anomaly in the North Atlantic 
Ocean, and propagates  to the North Pacific, Southern Ocean and 
Antarctica, and, finally, to the Arctic, requiring a few decades to complete 
half-cycle (from positive to negative phase). These spatial patterns and 
their sequence are absent from CMIP5 models (Kravtsov et al. 2018).
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One hypothesis of why the response of models to Arctic amplification of 
global warming is different from the observed response is 
misrepresentation, in models, of the interactions between the troposphere 
and stratosphere.
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Climate variability in the past exhibited various regimes. Keep in mind 
though that the processes operating in the past could be very different 
from those dominating the present climate variability.
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…since the internally generated SST anomalies (e.g. due to variations in 
AMOC) and non-uniform (in time) radiative forcing may both be 
responsible for the observed non-uniformities in the NH warming!
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The multidecadal deviations from the linear trend in GFDL2.1 simulated 
North Atlantic SSTs are indeed much smaller than observed, but this is 
even more so for NAO (which, incidentally, has essentially no forced 
component in the CMIP5 model simulations). Note that the linearly 
detrended NHT variance is similar to the observed, consistent with Zhang 
et al. (2007).
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Aerosols?
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Well, maybe not, but what would then be the explanation for the 
insufficient simulated amplitude of multidecadal variability?...
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Left – no rescaling; right – rescaled signals. Linear growth of uncertainty 
at the end of the record is due to linear extrapolation of model time series 
from 2005 through 2012.
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