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Humidity trends imply increased sensitivity to
clouds in a warming Arctic

Christopher J. Cox"2, Von P. Walden3, Penny M. Rowe*® & Matthew D. Shupe'?

Infrared radiative processes are implicated in Arctic warming and sea-ice decline. The infrared
cloud radiative effect (CRE) at the surface is modulated by cloud properties; however, CRE
also depends on humidity because clouds emit at wavelengths that are semi-transparent to
greenhouse gases, most notably water vapour. Here we show how temperature and humidity
control CRE through competing influences between the mid- and far-infrared. At constant
relative humidity, CRE does not decrease with increasing temperature/absolute humidity as
expected, but rather is found to be approximately constant for temperatures characteristic of
the Arctic. This stability is disrupted if relative humidity varies. Our findings explain observed
seasonal and regional variability in Arctic CRE of order 10Wm~2. With the physical
properties of Arctic clouds held constant, we calculate recent increases in CRE of 1-5Wm ~ 2
in autumn and winter, which are projected to reach 5-15Wm ~ 2 by 2050, implying increased
sensitivity of the surface to clouds.
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mplified warming of the Arctic and coinciding decreases

in sea ice are driven in part by perturbations to the

surface radiation budget!~. The infrared cloud radiative
effect (henceforth, ‘CRE’) at the surface can be 50-100 W m ~ 2
(refs 6-10); however, the system is sensitive to comparatively
small changes. In fact, observed decadal trends in sea ice could be
forced by a perturbation of just 1 W m ~ 2 (ref. 11). Variability in
surface cover (due to variability in snow/ice cover) modifies
albedo, which is a control on shortwave CRE that is not
directly due to cloud properties'?, that is, clouds cool the surface
relative to clear skies by reflecting sunlight back to space;
however, this cooling is minimized over ice-covered surfaces
because the albedos of the surface and cloud are similar!?.
Nevertheless, in spite of changes in surface cover in the Arctic, it
is likely that cloud feedbacks at high latitudes are dominated by
infrared radiation!?.

Globally, infrared emission from clouds reaches the surface
primarily through the ‘atmospheric window’ (AW; defined here
as 7-14 um) where absorption by atmospheric gases is relatively
low!%, However, in dry regions, such as the Arctic, the
far-infrared (FIR; 16-40um) is also semi-transparent, and
variabﬂit}r in clouds'¥, water vapour'>'® and surface
emission'®!7 all contribute substantially to energy exchanges
between the surface and space. Since the infrared radiance
received at the surface depends nonlinearly on absorption and
emission from clouds and water vapour, both of which depend on
temperature, atmos?heric feedbacks and processes implicated in
Arctic warming!='2 are not easily disentangled. Increases in
water vapour are reported in the Arctic'®! and projected by
climate models?’, but temperature-humidity relationships in the
Arctic are distinct from lower latitudes?!, making it difficult to
project the effects of atmospheric change on the surface in the
presence of clouds. Similar to the way that changes in surface
cover influence the shortwave CRE, temperature and humidity
exert an influence that is independent of cloud properties.
Therefore, variability in CRE due to variability in the atmospheric
state must be addressed.

Here we present an analysis of spectrally resolved CRE using
surface-based measurements from three Arctic observatories.
Interplay between temperature and humidity is shown to control
CRE through competing influences in two semi-transparent
wavelength ranges (7-14 and 16-40 pum), stabilizing CRE at
constant relative humidity for temperatures characteristic of the
Arctic (~230-280K). Using reanalysis and climate model data
sets, we find that, because of this mechanism, increases in
temperature and precipitable water vapour (PWV) in the Arctic
are likely resulting in increases in CRE that are independent of
changes in cloud properties.

Results

Observations of the CRE relation with temperature and PWV.
In a well-known positive feedback, atmospheric water vapour
increases with temperature, and because water vapour is a strong
greenhouse gas, this leads to more water vapour emission to the
surface and thus further warming?? (grey arrows in Fig. 1).
Increases in water vapour also lead to increases in cloud cover
and/or optical depth, both of which feedback to increased
warming through additional CRE (for example, ref. 23; green and
blue arrows in Fig. 1). However, absorption and emission from
water vapour between the cloud and the surface mask the
radiance from the cloud. In particular, cloud emission must be
transmitted through the atmosphere below the cloud to reach the
surface and have an impact. Thus, CRE should decrease as
humidity increases concurrently with temperature. Indeed,
smaller CREs are noted for the wet season in the tropics as
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Figure 1 | Conceptual diagram of Arctic feedbacks relevant to CRE.
Conceptual diagram of Arctic feedbacks involving surface temperature,
atmospheric water vapour and clouds. The grey arrows represent the ‘water
vapour feedback’?!. The green arrow represents the subsequent change in
cloud properties; for example, an increase in the amount of clouds?3
increases the surface temperature via increased CRE (blue arrow). The
magnitude of the black and red plus (4 ) symbols represents perturbations
to the CRE feedback; note that the total change in CRE is influenced by
changes in cloud properties as well. Increasing atmospheric water vapour
dampens the increase in CRE feedback from changing cloud properties,
indicated by decreasing black '+’ symbols. When the FIR is open, as
relative humidity (RH) decreases, the CRE feedback increases (red '+
symbols increasing), as described in this study.

compared with the dry season, due in part to differences in
humidity?%. A similar relationship likely occurs at mid-latitudes,
although the effect has not been isolated from the seasonal
cycle in cloud fraction?”. This relationship plays out as decreases
in the cloud feedback though each iteration of the loop in Fig. 1
(black ‘plus’ symbols in the lower right of the diagram signify
increases in humidity with time). However, for the Arctic, we find
that CRE is poorly correlated with observed surface temperature
and PWV (Fig. 2ab), suggesting that the behaviour of the
cloud feedback is different in the Arctic compared with lower
latitudes. Our analysis begins with an examination of the
observed CRE in the Arctic with the objective of isolating the
influence of the atmospheric state from the influence of variability
in cloud physical properties.

CRE is defined as the difference between downwelling infrared
flux from clouds and atmospheric gases together and that from
gases alone,

CRE=F lall-sky —F lclear-sky (1)

In this study, CRE is calculated from the perspective of the
surface. At the surface, CRE differs from cloud radiative forcing
(CRF) in that CRE is for the downwelling infrared component
only, rather than the net flux, but they are similar because the
upward component of CRF is small. To isolate how temperature
and humidity influence CRE, it is instructive to hold cloud
physical properties constant, either by subsetting observations
that represent samples of optically thick clouds, or by performing
radiative transfer calculations for clouds with fixed optical depth.
The main assumption that is made in either case is that
tropospheric temperature covaries with cloud temperature.
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Figure 2 | CRE in the FIR and the atmospheric window. (a) Observations of 3-hour averages of downwelling infrared CRE from Barrow, Alaska; Eureka,
Canada and Summit Station, Greenland, plotted as a function of PWV. Only CRE>60 W m 2 are shown to highlight clouds that are optically thick.
(b) Same as a, but plotted as a function of near-surface air temperature. (¢,d) are similar to a,b, but are separated into spectral components from the
atmospheric window (CREaw, red points) and the far-infrared (CREgr, blue points). For reference, the arrows in ¢ are the approximate ranges of PWV for
the Arctic, mid-latitudes (M.L.) and Tropics. Curves in ¢,d are radiative transfer calculations of CREgr (dashed black), CREaw (solid black) and their sum

CRE= CREHR + CREAW (grey)

Three-hour averages of CRE at stations representative of
different regions of the Arctic—Barrow, Alaska; Eureka, Canada
and Summit, Greenland—are derived using observations®”’.
The observed values of PWV at these locations span a large
range from less than 0.1 cm in winter at Summit?® to ~2cm in
summer at Barrow®. Like much of the far-western Arctic, Barrow
is relatively moist with a high incidence of optically thick
clouds®>10, Eureka is representative of the northern Canadian
archipelago, a drier region with fewer optically thick clouds than
Barrow®?/. Summit is a high-altitude station on the Greenland
ice sheet that is extremely dry?®. To assess how variability in CRE
is modulated by temperature and humidity contributions in the
FIR and AW, CRE is calculated here as partial-band fluxes!428
such that CRE%CREAW + CREFIR.

To understand the apparent lack of correlation in Fig. 2a,b, we
examine observed Arctic CREgg and CRE4w, which are plotted
against PWV in Fig. 2c¢ and temperature in Fig. 2d (red and
blue dots). Over the range of Arctic conditions, CRE v increases
with temperature and PWV while CREg decreases. To put
these measurements in context, we simulate CRE using a radiative
transfer model for a wider range of surface temperatures
and PWVs than those typical of the Arctic (black and grey
curves in Fig. 2). CRE is simulated by parameterizing PWV as a
function of surface temperature; this is performed by fixing the
shape of the temperature profile and scaling it to fit the surface
temperature and by using a fixed relative humidity profile. When
CRE is plotted for the wider range of temperatures and PWVs, we
see that CREgg and CRE,yw exhibit similar behaviour (that is,
both increase, peak and then decrease), but are shifted in
temperature and PWV. This shift occurs because of differing
water-vapour absorption coefficients, which are larger in the FIR
relative to the AW. This is not a surprising result, but what is
interesting is the compensation of the two spectral regions when
summed (grey line Fig. 2c,d). This compensation obscures the
dependence on temperature and humidity between ~230
and 280K, and, thus, explains the lack of correlation in CRE
shown in Fig. 2a,b. These compensating flux variations are unique

to the temperature and humidity ranges observed in the
Arctic. Conversely, CRE increases with temperature below
~230K and decreases above ~280K. Examples of individual
infrared spectra that illustrate this spectral compensation are
depicted in Fig. 3.

To investigate the consequences of this compensation using an
idealized framework, radiative transfer calculations are performed
using radiosoundings acquired at Barrow and Summit. CREgr
and CRE,w are calculated based on observed temperature and
humidity profiles with model clouds inserted randomly at 0, 1, 2
or 5km. The modelled values of CRE (CREgr, CREAw and CRE)
for optically thick clouds (optical depth, = 10) are shown in the
left panels of Fig. 4; observed values (explained below) are shown
in the right panels for comparison. A parameterization of the
Clausius-Clapeyron relationship?® is also plotted for reference
(black line). Note that CRE is expressed here on a colour scale as
a function of both surface temperature and PWV. The modelled
CREgr (Fig. 4a) varies between 0 and 40Wm 2 with a strong
dependence on humidity and low sensitivity to temperature.
Converselz, CREw (Fig. 4b), which ranges from 40 to
85Wm™ 4, is sensitive primarily to temperature. Owing to the
compensation described previously, when summed, CRE (Fig. 4¢)
has values of constant flux that closely follow the
Clausius-Clapeyron relationship. Thus, temporal or spatial
variations in temperature and/or PWV within the Arctic
temperature range do not change CRE as long as the variability
is consistent with the Clausius—Clapeyron relationship. However,
deviations from this relationship will either increase or decrease
CRE over a range of ~40Wm ™2 at a given temperature.
This behaviour is consistent in modelled CRE for clouds with
smaller optical depths, although the magnitudes of the fluxes are
smaller (Supplementary Fig. 1).

Observed CREs at Barrow and Eureka, shown on the right
column of Fig. 4, agree well with the modelled values in the left
column and use the same subset of approximately optically
thick clouds shown in Fig. 2. Both the CRE values (colours)
and the variations of CRE with temperature and PWV
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(colour distributions) are quite similar between the model and
observations, suggesting that the idealized framework is a
reasonable representation of the Arctic.

The results in Fig. 4 explain some of the observed variability in
Arctic CRE observed in other studies (for example, ref. 9).
For example, the annual cycle in temperature and humidity at
Barrow results in variability in the maximum potential CRE of
~70-90 W m ~ 2 with peaks in spring and autumn. As mentioned
above, clouds are opaque in the simulations, whereas the true
annual cycle in CRE depends also on variations in cloud
properties (cloud fraction, optical depth, microphysics and so
on). The results of ref. 9 include cloud-property variability and
show that the actual peak in infrared CRF occurs in August at
Barrow, coinciding with the annual cycle in cloud fraction. Our
results are complementary to ref. 9 in that they suggest greater
sensitivity in the infrared to clouds in the transition seasons
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(spring and autumn) compared with summer or winter at
Barrow, but they do not include the effect of seasonal changes in
cloud fraction.

Distributions of CRE for all-sky conditions in summer (JJA) at
all three stations are bimodal, with one mode representing clear
skies (CRE ~0 W m ~2) and another representing optically thick
clouds (CRE>60 W m ~ 2, representative of the subset of clouds
shown in Figs 2 and 4; Fig. 5a), similar to distributions reported
by others®”>?, The mode representing optically thick clouds is
~10 W m ~ 2 higher at Summit compared with the other stations.
These higher CRE values were, for example, an important driver
of widespread surface melting of the ice sheet in July 2012 (ref. 8).
Elevated CRE at Summit is due to enhanced CREg (Fig. 5¢),
rather than CRE,w, which is similar at all stations (Fig. 5b).

Observed monthly mean temperature and PWV from the
stations are plotted in Fig. 6a over the idealized CRE from Fig. 4c,
which is interpolated to a surface. The figure shows that
differences in the peak of the upper mode of CRE in Fig. 5a are
because of deviations from contours of constant CRE, that is,
deviations from the Clausius—Clapeyron relationship (dashed
white curve in Fig. 6a). Indeed, the conditions at Barrow and
Eureka lie close to the Clausius—Clapeyron line, while the
conditions at Summit are at lower PWVs relative to temperature
(falling below the dashed white line in Fig. 6a). Modelling CRE as
in Fig. 2, but incrementally increasing the height of the surface,
indicates that station altitude can explain the lower PWYV relative
to temperature, and thus the higher CRE observed at Summit.

Projected changes in Arctic CRE. Output from a reanalysis
product and a climate model is now used to provide a conceptual
understanding of how future changes in the Arctic system might
have an impact on its sensitivity to CRE. Using the same meth-
odology to create Fig. 6a, trends in CRE are estimated using the
monthly mean temperature and PWV from a reanalysis product
and a climate model. First, data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim Reana-
lysis’! (ERA-Interim) are mapped on the temperature-PWV
surface. The domain is north of 70°N and 70°E to 220°E,
corresponding roughly to the region where interannual variability

Figure 3 | Examples of infrared spectra. Examples of ‘clear-sky’ infrared
spectra calculated from profiles of temperature and humidity measured by
radiosoundings at Barrow, Alaska (red) and Summit Station, Greenland
(blue). The dashed lines are Planck functions corresponding to the near-
surface air temperatures for the respective cases and represent hypothetical,
optically thick clouds. The FIR and AW spectral regions are shown as dark-
grey and light-grey shaded regions. The downwelling infrared CRE is the
spectral integral of the difference between the curves (dashed minus solid for
any case). (Note that because these spectra are for zenith views, the flux (in
W m~2) is obtained by integrating the radiance over the hemisphere and
over wavenumber (frequency) from O to 3,000 cm —1 (ref. 6)). The vertical
arrows indicate conceptually the magnitude of the CRE in each window. (@)
Spectra from 12 July 2012 (Summit) and 8 May 2008 (Barrow): similar near-
surface air temperatures, but different PWV. The CRE is larger at Summit
because of additional CRE in the FIR associated with the low PWV. (b)
Spectra from 7 May 2011 (Summit) and 12 March 2007 (Barrow): similar
PWYV, but different near-surface air temperatures. The CRE is larger at Barrow
because of additional CRE in the AW associated with the higher temperature.
() Spectra from 21 April 2011 (Summit) and 18 May 2008 (Barrow), where
the conditions approximate the Clausius-Clapeyron parameterization in
Figs 4 and 6. These cases represent both the cold/dry and warm/moist limits
of the range of conditions. The total CRE (CREfr + CREAw) in ¢, represented
conceptually by summing the arrows, is similar between the two cases due to
the compensating effects described in the main text.
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Figure 4 | Simulated and observed CRE as functions of temperature and
PWV. Simulations (left panels (a=c)) and observations (right panels (d-f))
of the downwelling infrared CRE in the far-infrared (top panels (a,d)),
atmospheric window (middle panels (b,e)) and the total CRE (bottom
panels, (¢,f)). The simulations are from radiative transfer calculations using
observed profiles of temperature and humidity acquired by radiosoundings
at Barrow, Alaska and Eureka, Canada. The black line is the Clausius-
Clapeyron relationship for near-surface air temperature and PWV following
ref. 29 and assuming a relative humidity (with respect to liquid) of 100%
and a scale height of 3km. The observed values are data from Barrow and
Eureka, but only for clouds with large optical depths (CRE>60Wm ~2). As
a visual aide, arrows show the direction in the temperature-PWV space of
increasing CRE, also shown as coloured symbols. Note that the colour scale
changes for each row.

in sea-ice conditions is largest (Supplementary Fig. 2). For each
month, the 5-year running mean CRE anomalies are calculated
using 1979-2000 as a baseline. Results are then scaled to account
for the annual cycle in cloud fraction and optical depth. This
scaling is fixed for all years such that cloud physical properties are
held constant for reasonable modern values so that the resulting
projected anomalies are attributed to changes in the temperature
and opacity of water vapour. The anomaly time series for each
month are plotted in Fig. 6¢. This same calculation is then made
using the Community Earth System Model Large Ensemble
(CESM-LE)*? from 1979 through 2080, combining historical runs
through 2005 and projections beginning in 2006 that use the
Representative Concentration Pathway 8.5 (ref. 33; Fig. 6b,d).
Positive anomalies in CRE in both ERA-Interim and CESM-LE
(Fig. 6¢,d) emerge in autumn and early winter in the early 2000s.
The mean anomaly for September through November from 2005
to 2012 is +2.5Wm~ 2 (ERA-Interim) and +2.7+1.6 Wm 2
(CESM-LE; Supplementary Fig. 3). The largest anomalies are
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Figure 5 | Observed distributions of CRE in summer. Probability
distribution functions of 3-hour averages of (a) CRE, (b) CREa and
(e) CREgR in summer (June-July-August) from observations at Barrow,
Alaska; Eureka, Canada and Summit Station, Greenland. The bin size is
4Wm~2

projected by CESM-LE to appear after 2040 in autumn between 5
and 15Wm ™2 This result is associated with temperature
increases in autumn outpacing the expected water vapour
increases via the Clausius-Clapeyron relationship (red versus
black lines in Fig. 6b). A similar signal is observed in spring,
although it is smaller, in part because of less cloud cover and
generally thinner clouds in that season. These model projections
provide a conceptual understanding of how future changes in the
Arctic system might have an impact on its sensitivity to CRE. In
particular, the results for autumn likely represent a regime shift
expressed as a change in the seasonal cycle of relative humidity
that is driven by the increasing amount of open water in the
Arctic. The consequence of these changes is that the feedback
from clouds shown in Fig. 1 likely increases despite concomitant
increases in absolute humidity.

Covariability between temperature and PWYV in the Arctic does
not closely fit the Clausius—Clapeyron relationship because of
dominance by ice saturation at low temperatures and temperature
buffering from latent energy exchange?! at 273K. The latter
results in relatively moist conditions for temperatures above
273 K, corresponding to lower CRE (that is, Figs 4 and 6b). For
this reason, clouds in summer may contribute less flux in the
future, by up to 3Wm ™2, because of increasingly moist
conditions for temperatures near 273K in summer (Fig. 6b).
Therefore, a relative dampening of the cloud feedback shown in
Fig. 1 might be expected in summer.
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Figure 6 | Recent and projected changes in CRE associated with changes in humidity. (a) Downwelling infrared CRE as a function of observed near-
surface air temperature and PWYV for optically thick clouds at Barrow (red), Eureka (blue) and Summit (black). These observations are from the same time
period as the CRE calculations in Fig. 5; the dashed lines are for averages over all times, while the solid lines are for averages over times when

CRE> 60 W m ~2 (optically thick clouds). (b) Similar to a, but the red line are CESM-LE monthly mean values from 1979 through 2000, while the black line
is for 2040-2080. The CRE surfaces in a,b are the values from Fig. 4c interpolated to a T-PWV grid (2K by 0.05cm). The white dashed lines in

a,b are the Clausius-Clapeyron relationship for near-surface air temperature and PWV from ref. 29, assuming a relative humidity (with respect to liquid) of
100% and a scale height of 3 km. (¢) Estimated anomalies in CRE determined by mapping monthly mean ERA-Interim 2-m air temperature and PWV on the
CRE surface in b. (d) is similar to ¢, but for the CESM-LE historical (1979-2005) and projected (2006-2080) data sets. Data in ¢,d are 5-year
running means averaged over the far-western and Eurasian Arctic Ocean domain (north of 70N and 70-220E). Anomalies are calculated using 1979-2000
as a baseline and black dots represent differences between the mean of the 5-year sample (centred on point) and the baseline that are statistically

significant (P<0.05).

Discussion

This work presents the novel finding that, for a constant relative
humidity profile, CREgr and CRE,w compensate each other as
they change with temperature and PWV over ranges character-
istic of the Arctic. The result has important implications in that
the CRE remains fairly constant with warming as long as the
relative humidity profile stays constant. This is in contrast to
lower latitudes, where CRE is expected to decrease with
increasing temperature at constant relative humidity, illustrating
a unique sensitivity of the polar regions to climate change.
In warmer, wetter conditions than the Arctic (for example,
mid-latitudes and tropics, see Fig. 2), the FIR plays a negligible
(rather than compensating) role, and CRE is thus dominated
by CREaw. Because CRE,y decreases with increasing
temperature and PWV, warmer/wetter regions are expected to
become less sensitive to clouds with warming. In very cold, dry
conditions (temperatures below ~230K), CREgy is larger than
CREsw. CREsw increases with temperature and PWV, while
CREgy is transitioning similarly to the behaviour of CRE 5y near
280K. When combined, the sensitivity to temperature is
dominated by CREaw, and thus CRE increases slightly with
temperature and PWV. We speculate that below 230K this may
cause a positive feedback whereby increases in temperature
increase CRE, which further increases temperature. Although the
feedback is probably small, it is notable that it is driven by
temperature alone.

In the Arctic, where changes in CREsw and CREgg with
temperature (at constant relative humidity) compensate, changes
in covariability between temperature and humidity are necessary
to modify CRE independently of variability in cloud properties.
This work demonstrates this process both through radiative

transfer calculations and through observations using spectrally
resolved measurements; because similar instrumentation is
available in multiple locations, we also observe how the process
modulates the climate in different regions of the Arctic. Owing to
the described mechanism, changes in the way temperature and
moisture vary relative to each other cause shifts in the control of
infrared irradiance between atmospheric gases and clouds,
modifying the separation in downwelling infrared flux (W m ~?2)
between the Arctic clear and cloudy states. The cloud feedback
described in Fig. 1 is amplified or dampened accordingly,
and, with it, the importance of variability in cloud microphysical
and macrophysical properties. Indeed, using temperature and
humidity from reanalysis data and climate model projections,
we show trends of increasing CRE in the Arctic in all seasons
except summer. Projected changes in Arctic cloud optical depth
and cloud cover in autumn correspond to +3.8 and
+14Wm~—2 (2081-2100 minus 1961-1980)° of infrared
forcing, respectively, which is similar in magnitude to changes
in CRE described here.

The variability in CRE described here is independent of
shortwave CRE because the analysed perturbations are associated
with atmospheric gases, which largely transmit solar radiation.
This suggests a partial offset of the shortwave cooling supported
by clouds and points to a reduction in the dampening of the
ice-albedo feedback in the presence of increased cloud cover, a
connection that is linked to interannual variability in sea ice>*.
Our findings also highlight the complexity of interpreting
projections of cloud feedbacks. For example, decreases in cloud
occurrence can accompany decreases in relative humidity, as was
the case in summer 2007 (refs 23, 35), yet our results suggest that
such changes could still result in net increases in CRE because the
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clouds that do form each contribute relatively more infrared flux
to the surface energy budget.

ERA-Interim may be a more robust data set for climate
monitoring than other reanalyses, including in the Arctic!®3¢,
and the CESM-LE permits accounting for natural variability>2,
Nevertheless, caution must be taken when interpreting
the time series shown in Fig. 6 because potential changes in the
long-term  temperature-humidity covariability are poorly
understood. Regardless, the results presented here demonstrate
conceptually the substantial sensitivity of CRE to modest, and
realistic, shifts in the Arctic atmospheric state and provides
further motivation for the need to reduce uncertainties in cloud
properties in climate models. More research is also needed to
interpret how temperature-humidity and temperature-
humidity-CRE interactions occur over long timescales in
association with external forcing and low-frequency natural
variability. In addition, the associated enhancement (as is likely in
autumn, winter and spring) or dampening (as is likely in
summer) of cloud feedbacks should be investigated.

Methods

Data. Observations from Summit (July 2010 to August 2012, 72.58°N, 38.48°W,
3,210 m) are from the Integrated Characterization of Energy, Clouds, Atmospheric
state and Precipitation at Summit (ICECAPS) project?’. Barrow observations
(January 2006 to December 2008, 71.325°N, 156.625°W, 8 m) are from the US
Department of Energy Atmospheric Radiation Measurement (ARM) Program
obtained at the North Slope of Alaska (NSA) site. ARM and ICECAPS data are
available at http://www.arm.gov. The Eureka measurements (March 2006 to
December 2008, 80.053°N, 86.417°W, 10 m) were supported by the NOAA Earth
System Research Laboratory (ESRL) and the Canadian Network for the Detection
of Arctic Change (CANDAC). Eureka data used in this study are archived by
NOAA-ESRL, available at ftp://ftpl.esrl.noaa.gov/psd3/arctic/eureka/.
Observational data may also be accessed through the International Arctic Systems
for Observing the Atmosphere (IASOA) data portal (http://www.esrl.noaa.gov/psd/
iasoa/). CESM-LE can be acquired from https://www.earthsystemgrid.org/
home.htm. ERA-Interim data are archived by ECMWF and are available at http://
apps.ecmwf.int/datasets/.

Observed CRE. To determine the observed CRE, F 414y (equation (1)) is derived
from radiances measured by Atmospheric Emitted Radiance Interferometers
(AERI) at each station; because these measurements are at zenith and do not
include the entire spectral range of interest, they are supplemented with radiative
transfer calculations using collocated radiosoundings as input. F| ciear-sky is
estimated entirely from radiative transfer calculations (ref. 6 and references
therein). To calculate the partial-band fluxes used in this study (CREgr and
CREw), integrations are performed over subranges for the FIR (10-630 cm ~ 1y
and AW (700-1,390 cm ~ 1), similar to ref. 28. These ranges are chosen to
correspond to the nearest band edges in the Rapid Radiative Transfer Model
(RRTM)?’7. A small amount of CRE occurs at frequencies outside of the partial-
band spectral regions used here; the residual is —0.6+1.2W m =2 CRE is
calculated using observations and radiative transfer modelling, which account for
scattering, reflection, anisotropy and cloud thickness.

Radiative transfer modelling. For deriving idealized CRE (Fig. 4a—c), radio-
soundings from Barrow (2002-2012) and Summit (2010-2015) are supplemented
with the sub-Arctic summer standard atmosphere® between the radiosonde
termination height and 60 km. Carbon dioxide (CO,) is set to 395 p.p.m. with a
constant mixing ratio with height and mixing ratios of O3, N,O, CH,, CO and O,
are set to values from the standard atmosphere. Radiative transfer calculations for
gaseous emission are performed using RRTM, and scattering and emission from
the clouds are calculated using discrete-ordinate-method radiative transfer®. The
surface and cloud are near thermodynamic equilibrium for most low-level overcast
Arctic clouds, such that the cloud and surface temperatures are typically within
~5K of each other (and net surface infrared radiation is typically less than
20 W m ~ 2 ref. 30). Thus, to reduce the influence of unrealistic combinations of
clouds and atmospheric states, only samples when the surface temperature is
within 5K of the cloud temperature are retained (n = 4,664).

For calculations of modelled CRE (Fig. 2, curves), the radiative transfer
calculations are the same as described above but only account for absorption, while
scattering is ignored. These calculations are performed using the sub-Arctic
summer standard atmosphere®® with an optically thick cloud in the layer between 1
and 2km; the temperature profile is shifted uniformly and PWYV is calculated
assuming constant relative humidity at all levels.

Effective cloud emissivity. CRE, calculated for optically thick clouds, can be
roughly converted to time-averaged CRE by multiplying by the cloud fraction and
the mean cloud emissivity as &cioud effective,y = (R | all-sky, =R clear-sky)/Bu(T5), where
R is the radiance at zenith and B,(T) is the Planck function using the near-surface
air temperature. The calculation is made using 900 cm ~ ! for wavenumber, v.
Atmospheric transmission between the surface and the cloud base and cloud
anisotropy are neglected. These approximations result in a conservative estimate
for the magnitude of the anomalies displayed in Fig. 6.

References

1. Francis, J. A. & Hunter, E. Changes in the fabric of the Arctic’s greenhouse
blanket. Env. Res. Lett. 2, 045011 (2007).

2. Screen, J. A. & Simmonds, I. The central role of diminishing sea ice in recent
Arctic temperature amplification. Nature 464, 1334-1337 (2010).

3. Pithan, F. & Mauritsen, T. Arctic amplification dominated by temperature
feedbacks in contemporary climate models. Nat. Geosci. 7, 181-184 (2014).

4. Serreze, M. C,, Barrett, A. P., Stroeve, J. C., Kindig, D. N. & Holland, M. M. The
emergence of surface-based Arctic amplification. Cryosphere 3, 11-19 (2009).

5. Chen, Y., Miller, J. R,, Francis, J. A. & Russell, G. L. Projected regime shift in
Arctic cloud and water vapor feedbacks. Environ. Res. Lett. 6, 044007 (2011).

6. Cox, C.J., Walden, V. P. & Rowe, P. M. A comparison of the atmospheric
conditions at Eureka, Canada, and Barrow, Alaska (2006-2008). J. Geophys. Res.
117, D12204 (2012).

7. Cox, C. J. et al. Downwelling longwave flux over Summit, Greenland,
2010-2012: Analysis of surface-based observations and evaluation of ERA-
Interim using wavelets. J. Geophys. Res. 118, D021975 (2014).

8. Bennartz, R. et al. July 2012 Greenland melt extent enhanced by low-level
liquid clouds. Nature 496, 83-86 (2013).

9. Dong, X. et al. A 10 year climatology of Arctic cloud fraction and radiative
forcing at Barrow, Alaska. J. Geophys. Res. 115, D17212 (2010).

10. Shupe, M. D. & Intrieri, J. M. Cloud radiative forcing of the Arctic surface: The
influence of cloud properties, surface albedo, and solar zenith angle. J. Climate
17, 616-628 (2004).

11. Kwok, R. & Untersteiner, N. The thinning of Arctic sea ice. Phys. Today 64,
36-41 (2011).

12. Vavrus, S. The impact of cloud feedbacks on Arctic climate under greenhouse

forcing. J. Climate 17, 603-615 (2004).

. Charlock, T. P. & Ramanathan, V. The albedo field and cloud radiative forcing
produced by a General Circulation Model with internally generated cloud
optics. J. Atmos. Sci. 42, 1408-1429 (1985).

14. Huang, X. et al. A global climatology of outgoing longwave spectral cloud
radiative effect and associated effective cloud properties. J. Climate 27,
7475-7492 (2014).

15. Turner, D. D. & Mlawer, E. J. The radiative heating in underexplored bands
campaigns. Bull. Amer. Meteorol. Soc. 91, 911-923 (2010).

16. Harries, J. et al. The far-infrared Earth. Rev. Geophys. 46, 34 (2008).

17. Feldman, D. R,, Collins, W. D., Pincus, R., Huang, X. & Chen, X. Far-infrared
surface emissivity and climate. Proc. Natl Acad. Sci. USA 111, 16297-16302
(2014).

18. Wang, X. & Key, J. R. Recent trends in Arctic surface, cloud, and radiation

properties from space. Science 299, 1725-1728 (2003).

. Serreze, M. C., Barrett, A. P. & Stroeve, J. Recent changes in tropospheric water
vapor over the Arctic as assessed from radiosondes and atmospheric reanalyses.
J. Geophys. Res. 117, D10104 (2012).

20. Stephens, G. L. & Ellis, T. D. Controls of global-mean precipitation increases in

Global Warming GCM experiments. J. Climate 21, 6141-6155 (2008).

21. Curry, J. A., Schramm, J. L., Serreze, M. C. & Ebert, E. E. Water vapor feedback
over the Arctic Ocean. J. Geophys. Res. 100, 14223-14229 (1995).

22. Curry, J. A., Schramm, J. L., Rossow, W. B. & Randall, D. Overview of Arctic
cloud radiation characteristics. J. Climate 9, 1731-1764 (1996).

23. Dong, X. et al. Critical mechanisms for the formation of extreme arctic sea-ice
extent in the summers of 2007 and 1996. Clim. Dyn. 43, 53-70 (2013).

24. McFarlane, S. A, Long, C. N. & Flaherty, J. A climatology of surface cloud
radiative effects at the ARM Tropical Western Pacific sites. J. Appl. Meteorol.
Clim. 52, 996-1012 (2013).

25. Dong, X., Xi, B. & Minnis, P. A climatology of midlatitude continental clouds
from the ARM SGP Central Facility. Part II: cloud fraction and surface radiative
forcing. J. Climate 19, 1765-1783 (2006).

26. Shupe, M. D. et al. High and dry: new observations of tropospheric and cloud
properties above the Greenland ice sheet. Bull. Am. Meteorol. Soc. 94, 169-186
(2013).

27. Shupe, M. D. et al. Clouds at Arctic atmospheric observatories. Part I:
Occurrence and macrophysical properties. J. Appl. Meteorol. Clim. 50, 626-644
(2011).

28. Town, M. S., Walden, V. P. & Warren, S. G. Spectral and broadband longwave
downwelling radiative fluxes, cloud radiative forcing, and fractional cloud cover
over the South Pole. J. Climate 18, 4235-4252 (2005).

1

w

1

o

| 6:10117 | DOI: 10.1038/ncomms10117 | www.nature.com/naturecommunications 7


http://www.arm.gov
http://www.esrl.noaa.gov/psd/iasoa/
http://www.esrl.noaa.gov/psd/iasoa/
https://www.earthsystemgrid.org/home.htm
https://www.earthsystemgrid.org/home.htm
http://apps.ecmwf.int/datasets/
http://apps.ecmwf.int/datasets/
http://www.nature.com/naturecommunications

ARTICLE

29. Stephens, G. L. On the relationship between water vapor over the oceans and
sea surface temperature. J. Climate 3, 634-645 (1990).

. Stramler, K., Del Genio, A. D. & Rossow, W. B. Synoptically driven Arctic
winter states. J. Climate 24, 1747-1762 (2011).

31. Dee, D. P. et al. The ERA-Interim reanalysis: configuration and performance of

the data assimilation system. Q. J. R. Meteorol. Soc. 137, 553-597 (2011).

32. Kay, J. E. et al. The Community Earth System Model (CESM) Large
Ensemble Project: A community resource for studying climate change in the
presence of internal climate variability. Bull. Am. Meteorol. Soc. 96, 1333-1349
(2015).

33. Meinshausen, M. et al. The RCP greenhouse gas concentrations and their
extensions from 1765 to 2300. Clim. Change 109, 213-241 (2011).

34. Choi, Y.-S. et al. Connecting early summer cloud-controlled sunlight and late
summer sea ice in the Arctic. J. Geophys. Res. 119, 087-11,099 (2014).

35. Kay, J. E., L’Ecuyer, T., Gettelman, A., Stephens, G. & O’Dell, C. The
contribution of cloud and radiation anomalies to the 2007 Arctic sea ice extent
minimum. Geophys. Res. Lett. 35, L08503 (2014).

36. Simmons, A. J., Willett, K. M., Jones, P. D., Thorne, P. W. & Dee, D. P.
Low-frequency variations in atmospheric humidity, temperature, and
precipitation: Inferences from reanalyses and monthly gridded observational
data sets. J. Geophys. Res. 115, D01110 (2010).

37. Mlawer, E. J., Taubman, S. J., Brown, P. D., Iacono, M. J. & Clough, S. A.
RRTM, a validated correlated-k model for the longwave. J. Geophys. Res. 102,
16663-16682 (1997).

. McClatchey, R. A,, Fenn, R. W,, Selby, J. E. A, Volz, F. E. & Garing, J. S.
Optical Properties of the Atmosphere (3rd edn). Tech. Rep. Report No. AFCRL-
72-0497, 108 (Air Force Geophysics Laboratory, Hanscom AFB, Bedford, MA,
USA, 1972).

39. Stamnes, K., Tsay, S.-C., Wiscombe, W. & Jayaweera, K. A numerically stable

algorithm for discrete-ordinate-method radiative transfer in multiple scattering
and emitting layered media. Appl. Opt. 27, 2502-2509 (1988).

3

f=1

3

el

Acknowledgements
C.J.C. acknowledges funding from Arctic Research Program of the NOAA Climate
Program Office and the Cooperative Institute for Research in Environmental Sciences

(CIRES) Visiting Fellowship Program. V.P.W. acknowledges funding from National
Science Foundation grants, ARC-0856773, PLR-1414314 and PLR-1420932. P.M.R.
acknowledges funding from NSF award ARC-1108451 and from USACH-DICYT
041331CC_DAS and FONDECYT 1151034. M.D.S. acknowledges funding from

NSF PLR-1314156 and US Department of Energy DE-SC0011918. We thank the
anonymous reviewers for their comments, which helped to improve the manuscript.
We acknowledge useful conversations with D. Feldman (LBNL), C. Kou (LBNL),

C. Long (CIRES/NOAA), Z. Mariani (U. Toronto), S. Neshyba (U. Puget Sound) and
K. Strong (U. Toronto).

Author contributions

CJ.C. conceived and designed the experiments; C.J.C. and P.M.R. performed the
experiments; C.J.C,, PM.R, V.P.W. and M.D.S. analysed the data; CJ.C,, P.M.R.
and V.P.W. contributed materials/analysis tools; C.J.C., P.M.R,, V.P.W. and M.D.S.
co-wrote the paper.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Cox, C. J. et al. Humidity trends imply increased sensitivity to
clouds in a warming Arctic. Nat. Commun. 6:10117 doi: 10.1038/ncomms10117 (2015).
This work is licensed under a Creative Commons Attribution 4.0

B International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:10117 | DOI: 10.1038/ncomms10117 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Observations of the CRE relation with temperature and PWV

	Figure™1Conceptual diagram of Arctic feedbacks relevant to CRE.Conceptual diagram of Arctic feedbacks involving surface temperature, atmospheric water vapour and clouds. The grey arrows represent the ’water vapour feedbackCloseCurlyQuote21. The green arro
	Figure™2CRE in the FIR and the atmospheric window.(a) Observations of 3-hour averages of downwelling infrared CRE from Barrow, Alaska; Eureka, Canada and Summit Station, Greenland, plotted as a function of PWV. Only CREgt60thinspWthinspm-2 are shown to hi
	Projected changes in Arctic CRE

	Figure™3Examples of infrared spectra.Examples of ’clear-skyCloseCurlyQuote infrared spectra calculated from profiles of temperature and humidity measured by radiosoundings at Barrow, Alaska (red) and Summit Station, Greenland (blue). The dashed lines are 
	Figure™5Observed distributions of CRE in summer.Probability distribution functions of 3-hour averages of (a) CRE, (b) CREAW and (c) CREFIR in summer (June-July-August) from observations at Barrow, Alaska; Eureka, Canada and Summit Station, Greenland. The 
	Figure™4Simulated and observed CRE as functions of temperature and PWV.Simulations (left panels (a-c)) and observations (right panels (d-f)) of the downwelling infrared CRE in the far-infrared (top panels (a,d)), atmospheric window (middle panels (b,e)) a
	Discussion
	Figure™6Recent and projected changes in CRE associated with changes in humidity.(a) Downwelling infrared CRE as a function of observed near-surface air temperature and PWV for optically thick clouds at Barrow (red), Eureka (blue) and Summit (black). These
	Methods
	Data
	Observed CRE
	Radiative transfer modelling
	Effective cloud emissivity

	FrancisJ. A.HunterE.Changes in the fabric of the ArcticCloseCurlyQuotes greenhouse blanketEnv. Res. Lett.20450112007ScreenJ. A.SimmondsI.The central role of diminishing sea ice in recent Arctic temperature amplificationNature464133413372010PithanF.Maurits
	C.J.C. acknowledges funding from Arctic Research Program of the NOAA Climate Program Office and the Cooperative Institute for Research in Environmental Sciences (CIRES) Visiting Fellowship Program. V.P.W. acknowledges funding from National Science Foundat
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




