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Review of "Forcing and responses of the surface energy budget at Summit, Greenland" 
by Nathaniel Miller et al., submitted for publication in The Cryosphere.  

GENERAL  

This manuscript presents a multi-year data set of surface energy budget observations, 
including one year with sufficient observations for a full closure of the budget, from July 
2013 to June 2014. While similar estimates and observations have been presented in 
earlier literature, this paper extends the analysis towards forcings, responses, and the role 
of clouds and cloud types on the SEB terms and surface temperature.  

This paper is clearly written, well illustrated, and a relevant contribution to the recent 
surge in literature on the effect of clouds on Greenland climate. The efforts that went into 
the collection of these rich data definitely warrant publication. However, I feel that the 
manuscript could benefit from some restructuring, more condensed writing, and some 
additional analysis. Regarding the latter, I feel a bit of a disconnect between the 
presentation of the monthly-mean and annual SEB components on one hand (sections 3.3 
and further), and the case studies of section 3.2 on the other. It would be worthwhile to 
improve the connection here, for example by looking at the SEB for different cloud types 
throughout the season. This illuminates the role of clouds year-round.  

We appreciate the reviewer’s detailed comments and suggestions for improvement. 
Below we explain changes we made and try to clarify the main points of the paper and 
address your comments and concerns.  

Below, I detail my major and minor issues.  

MAJOR ISSUES  

- Section 3.2 presents a number of observational data sets that are not introduced in 
the Measurements and Methods section before. This should be added for a proper 
understanding of the data sets. Specifically, no information is given for the 
MMCR data, the balloon soundings, cloud radar, and perhaps additional methods 
that were used in the analysis of cloud cover and type.  

The reviewer makes a good point. A lot of the information on the ICECAPS 
instrumentation and measurements are given in Shupe et. al. 2013 but more information 
regarding what was done in this paper is needed.  



We have included Table 2, which summarizes all the measurements used in this study 
and added to the text: 

“Table 2 summarizes the measurements made by the various instruments described 
below.” 

We added more radiosonde information in the measurement section: 

“Twice daily Vaisala RS92 radiosondes (0 and 12 UTC) from the Integrated 
Characterization of Energy, Clouds, Atmospheric State, and Precipitation at Summit 
(ICECAPS, Shupe et al., 2013b) project are used to directly measure the atmospheric 
temperature with an uncertainty of 0.5◦.”  

In addition, we moved much of the information from the end of the Measurement section 
and created a new section “2.6 Cloud Properties and Precipitable Water Vapor”.  

In section 2.6 we added, “The liquid present cloud fraction for a given month is the 
number of LWP samples greater than 5 gm^-2 divided by the total number of samples. 
During May and June 2014 the microwave radiometer measuring 23.84 and 31.40 GHz 
was off site for repairs and thus LWP and PWV are unavailable for these months. A 35-
GHz Millimeter Cloud Radar (MMCR) determines vertically resolved cloud presence. 
Monthly cloud fractions are calculated using a MMCR detection threshold of -60dBz, 
retaining sensitivity to most hydrometeors” 

We added “MMCR derived cloud fraction (solid) and MWR derived liquid present 
fraction . . .” to the caption of Figure 6 to link these results to section 2.6.  

- I am somehow struggling with the organization of the results in section 3. The 
whole section would benefit from some reorganization. In 3.1, surface 
temperature (being a response to terms in the SEB) is analyzed and discussed. 
Then, section 3.2 focuses on particular case studies. 3.3 presents annual cycles of 
SEB fluxes, and 3.4 is about forcings and responses. Personally, I would prefer a 
structure in which the entire SEB data set is presented first (more or less the 
current 3.3). After that, the discussion about forcing and responses. And finally, 
the elucidation of the role of clouds.  

 

We think it is important to start with the temperature profiles to show how the surface 
temperature and subsurface temperatures correlate with the atmospheric temperatures. 
Then we can delve into how the energy is partitioned in section 3.2 and then investigate 
factors that affect the variability of the temperature at the surface in section 3.3 and 
section 3.4.  

As you suggest, it is advantageous to cluster the case studies with the forcing and 
responses analysis. Thus we moved the case studies to after the presentation of the SEB. 
Yet, we think it is important to put the case studies before the Responses to Surface 



Radiative Forcing Section in order to illustrate how the SEB responds to changes in 
downwelling radation and provide justification for the processes-based relationships. 

We reorganized Section 3: 

3.1 Temperature  

3.2 Surface Energy Budget  

3.3 Case Studies  

3.4 Responses to Surface Radiative Forcing  

To clarify the reasoning behind the new organization of Section 3 we have added a 
paragraph at the beginning of Section 3. 

 “The following observationally based results capture atmospheric/ice sheet interactions. 
This section will first examine temperature profiles at Summit, providing a foundational 
understanding for how the atmosphere and snowpack are related. Secondly, investigation 
of the partitioning of surface energy flux over the annual and diurnal cycles illuminates 
when various SEB terms are most influential. Finally, quantifying the response of the 
SEB to changes in downwelling radiation, predominately affected by cloud presence and 
insolation, shows how the non-radiative SEB terms effect the surface temperature 
variability. ” 

We changed the wording between sections to keep continuity of the paper.  

The figures were reordered to match changes in Section 3.  

 

- With such a rich data set on cloud properties, it is somewhat disappointing that 
the analysis in the present manuscript is limited to two - admittedly well chosen - 
case studies. It would be great if the year-round SEB data set could be split into 
cloud and non-cloud occurrences and do the analysis on the entire data set. Or bin 
the results by LWP, by cloud type, etc. This would give even more quantitative 
insight in the role of clouds on the SEB throughout the year. It would provide 
insight in the changes over central Greenland that we may expect in a warming 
climate.  

 

The previous title put too much emphasis on forcing instead of the responses to radiative 
forcing, the latter being the intended emphasis of this paper. Our approach focuses on 
how we would expect the SEB to respond to a given change in forcing.  There are a 
myriad of ways in which clouds can modulate downwelling radiation and we believe it is 
beyond the scope of this paper to address cloud radiative forcing (CRF) in addition to the 
responses to the forcing terms. We have linked the current analysis to previous analysis 



of CRF in Miller et. al 2015 via the case studies (Fig 5,6), Fig 7 and Fig 11. The process 
based-relationships go beyond reporting a temporally specific snapshot of the monthly 
SEB values for a given subset (clear-sky, large LWP, etc . . .).  “Process-based 
relationships distill our understanding of the underlying physical processes into a succinct 
form that is informative, yet practical. While clouds, the solar cycle, and other processes 
can influence the downwelling radiation, process relationships between response terms 
and forcing terms reveal how variability in downwelling radiation affects the other SEB 
terms. ”  

Fig 4a shows that clouds are present much of the year (~90% of the time), yet the amount 
of liquid present has a distinct annual cycle. The magnitude of CRF (fig 11a) is 
associated with the presence of liquid water.  Figure 7a, which bins the forcing terms 
according LWP and insolation scenarios, supports the conclusion that clouds radiatively 
warm the surface year round.  In this study the forcing terms measured at the surface 
provide the link to clouds without investigating the myriad of factors that can result in 
changing the forcing terms at the surface.  In fact, Fig 11 gives quantitative insight into 
the role of clouds on the SEB throughout the year and estimates the resulting effect on the 
surface temperature.  
 
We have changed the title to “Surface Energy Budget Responses to Radiative Forcing at 
Summit, Greenland” in order to emphasize the responses of the surface energy budget.  
 
For emphasis we have given the part of the paper that directly ties the new results with 
the previous CRF results its own subheading titled, “3.4.3 Cloud Effects on the SEB”. 
 
 
 

MINOR ISSUES 

!P1 L6: what do you mean by "primarily" 

We changed the text to include both methods: “Turbulent sensible heat flux is estimated 
via the bulk aerodynamic and eddy correlation methods . . .” 

!P1 L23: icecap -> ice sheet 

done 

!P2 L5: there exists newer literature on runoff increase under scenario forcings.  

We added the reference: 

Tedesco, M. and Fettweis, X.: 21st century projections of surface mass balance changes 
for major drainage systems of the Greenland ice sheet, Environ. Res. Lett., 7, 1–11, 
doi:10.1088/1748-9326/7/4/045405, 2012.! 

 



P3 L17: the literature cited here is focused a bit on the work at Utrecht University. There 
are more observations around the GrIS, like those done at Edinburgh and GEUS in 
Copenhagen (Denmark). 

We added a mass balance reference: 

Charalampidis, C., van As, D., Box, J. E., van den Broeke, M. R., Colgan, W. T., Doyle, 
S. H., Hubbard, A. L., MacFerrin, M., Machguth, H., and Smeets, C. J. P. P.: Changing 
surface atmosphere energy exchange and refreezing capacity of the lower accumulation 
area, West Greenland, The Cryosphere, 9, 2163–2181, doi:10.5194/tc-9-2163-2015, 
2015.! 

  

P3 L23: a more recent example of sublimation analysis from Summit is found in Cullen 
et al., 2014 (http://onlinelibrary.wiley.com/doi/10.1002/2014JD021557/abstract)  

This is a very interesting reference that we overlooked. Thank you for listing it. 

We changed the text to include this reference.  

 “. . . some studies have targeted SEB annual cycles in 2000-2001 (Cullen, 2003), 2001-
2002 (Hoch, 2005), and 2000-2002 (Cullen et al., 2014). “ 

Cullen, N. J., Mölg, T., Conway, J., and Steffen, K.: Assessing the role of sublimation in 
the dry snow zone of the Greenland ice sheet in a warming world, J. Geophys. Res. 
Atmos., 119, 6563–6577, doi:10.1002/2014JD021557, 2014.! 

P3 L33: compliment -> complement 

done 

 P4 L5: remove "in central Greenland"  

done 

P4 L11: visa versa -> vice versa! 

done 

P4 L17: it’s -> its  

done 

P5 L26: longer term -> longer-term  

done 

P6 L13: add Delta to LWP and PWV  



We are already using the Delta symbol in another section of the paper. 

We changed the wording to: 

“ . . . effectively reduce uncertainty in LWP (≈ 5 gm−2) and PWV (≈ 0.35 mm) (Crewell 
and Löhnert, 2003). “ 

P6 L15: hydrometers -> hydrometeors (meteor refers to the Greek word for falling, rather 
than meter which refers to the Greek word for observing)  

done 

P6 L31: I had never heard of the word "thusly" before  

It is a word.  
:  in this manner : 
 

P7 L15: Is the linear relation between albedo and Z also used under cloudy conditions? If 
so, the should be reconsidered as the dependence of albedo on Z vanishes if clouds are 
sufficiently thick.  

Yes, you are correct that clouds will increase the albedo compared to clear-sky scene. 
The parameterization of the upwelling SW is why the uncertainty the upwelling SW went 
from 1.8% prior to 2014 to 2.8% during 2014. The parameterization was needed to 
capture the diurnal cycle of SWnet end develop a dataset where all SEB components 
were estimated on the 30-minute averaged time scale.  The relationship between albedo 
and solar zenith angle was made under all conditions, taking into account all conditions 
from 2011-2013.   

We have reworded this paragraph and added information because it was rather confusing: 

“The surface albedo is determined by dividing the measured SW↑ by the measured SW↓ 
and for clear-sky days should have a minimum at solar noon. During 2014 an asymmetry 
in the diurnal cycle is observed in the measured albedo, where the albedo in the morning 
is up to 10% lower than in the evening. The NOAA/GMD measurements, which are 
mounted on the same fixed arm, indicate the same issue (possibly a gradual slope to the 
surface due to snow drifts). There is good agreement between the ETH SW↓ 
measurements and the total direct plus diffuse SW↓ values, suggesting that asymmetry in 
the diurnal cycle of albedo is likely a problem in the SW↑ component.  . . . These 
uncertainty estimates are larger than the reported uncertainty in the measured SW 
components of 1.8% (Vuilleumier et al., 2014) because, in addition to Z, albedo is 
dependent on other factors such as the optical thickness of overlying clouds and surface 
snow properties.” 

P10 L2: Ric -> Ri  



done 

P10 L5: very-stable -> very stable  

done 

P11 L18: LW derived -> LW-derived  

done 

P11 L27: simliar -> similar  

done 

P13 L8: boundary-layer -> boundary layer  

done 

P13 L32: visa versa -> vice versa  

done 

P14 sec 3.3.1: it would be useful here to contrast observations in other studies (from other 
years and summers) with the numbers you find.  

Please see the Summary Section and our response to your last comment below.  

P16 L25: decrease -> decreases  

done 

P17 L2: replace the two >’s by <’s.  

done 

P20 L25: please provide numbers from the other studies, so that the reader doesn’t have 
to go and look for the differences himself. A table could be useful here.  

We changed the focus of the SEB data comparison to the Cullen et. al. 2014 manuscript 
and removed the vague paragraph that was comparing to the earlier Cullen reference 
studying a similar time period.  

 “A previous study by Cullen et al. (2014), spanning the time period 17 June 2000 – 18 
June 2002, also reports the annual cycle of the surface energy budget components at 
Summit Station. Comparing the annual mean values of this study to the earlier study 
reveals that Q is 6.8 Wm−2 smaller and SH, LH and G are 1.6, 0.9, and 4.8 Wm−2 larger, 
respectively. The differences in the annual mean values could be due to possible 
decreases in cloud cover (Comiso and Hall, 2014), since the recent annual forcing value 



is 7.3 Wm−2 smaller than the 190.1 Wm−2 reported by Cullen et al. (2014). July 2014 
had the largest occurrence of liquid-bearing clouds for the current study resulting in an 
average Q of 6.1 Wm−2 compared to 15.6 Wm−2 reported by Cullen et al. (2014). The 
July 2014 forcing terms are 265.3 Wm−2 compared to 268.0 Wm−2 in 2000 - 2002, 
suggesting that a 6.8 Wm−2 increase in LW↑ is likely due to synoptically-driven warmer 
air masses above Summit Station in 2014 and not due to changes in cloud radiative 
forcing.” 

We added Section 5, making the current dataset easily available, allowing the reader to 
compare our results with other studies. 
 
“The surface energy budget dataset is available online in the National Science 
Foundation’s Arctic Data Center. [Matthew Shupe and Nathaniel Miller. 2016. Surface 
energy budget at Summit, Greenland. NSF Arctic Data Center. doi:10.18739/A2Z37J]” 

!
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Anonymous Referee #2  

Received and published: 21 November 2016  

The paper combines different ground-based and profile measurement techniques to 
analyze surface energy fluxes, understand how they are influenced by clouds and their 
impacts on surface temperature. It provides an important closure of the SEB by 
calculating turbulent and conductive fluxes and includes a very useful comparison of bulk 
and EC turbulent flux calculations. To my opinion, the authors have made a tremendous 
job of combining various high-end measurement techniques to have a closure on SEB 
through one year of data. At the same time, the authors apply several prior assumptions 
limiting the learning potential from this rich dataset. The paper should be also condensed 
and restructured: at times, very lengthy descriptions hide the main idea, while sometimes 
important information is missing. I recommend this paper for publication given that the 
major and minor issues below are addressed.  

Thank you for the detailed reading of the paper, valuable comments and suggestions. We 
have tried to clarify points of confusion and add context when needed in order to make 
the paper stronger.  

Major comments:  

1) It was disappointing to see that the forcing analysis is reduced only to clouds and 
cloud forcing is reduced only to two cases. A-priory assumptions have been made, 
eg, indeed liquid-containing clouds are important for SEB, however this is mostly 
true for summer and ice clouds play an important role in winter (and year total) 
SEB (as was shown by Van Tricht et al 2016). It would be useful to use these 
unique comprehensive data to present statistics of SEB depending on a variety of 
factors - including cloud LWP and IWP (if possible as this parameters is more 
difficult to derive), PWV, wind speed (especially its effect on turbulent fluxes), 
near-surface temperature and humidity gradients (and near surface stability).  
 
 

The previous title prompted expectations that the paper would specifically 
address forcing at Summit. The intended focus of the paper is rather the responses 
to radiative forcing and how we would expect the SEB to respond to a given 
change in forcing.  There are a number of ways in which clouds can modulate the 
downwelling radiation at the surface and we believe it is beyond the scope of this 
paper to address both radiative forcing and the responses. The case studies (Fig 
5,6), Fig 7 and Fig 11 link the current analysis to previous analysis of cloud 
radiative forcing in Miller et. al 2015. We believe the process based-relationships 



are useful for model validation.  The relationships go beyond reporting a 
temporally specific snapshot of the monthly SEB values for a given subset (clear-
sky, large LWP, etc . . . ). Often models do not accurately capture cloud 
occurrence and phase. This observationally based data set can be used to validate 
the energy fluxes at the surface and go beyond simply looking at individual 
components such as the downwelling LW and investigate if the non-radiative 
terms would respond realistically to produce accurate surface temperatures.  

 
The title has been changed to: Surface Energy Budget Responses to Radiative 
Forcing at Summit, Greenland.  

 
 

It is true that ice clouds play an important role in determining the SEB. Fig 
4a shows that clouds are present much of the year (~90% of the time), while the 
amount of liquid present has a distinct annual cycle. Thus it is true that ice clouds 
are important in radiatively warming the surface yet cloud phase is the dominant 
factor in determining the magnitude of the warming. Both ice clouds and mixed-
phase clouds modulate SW radiation and thus solar zenith angle is an important 
consideration in CRF. Figure 7, which bins the forcing terms according LWP and 
insolation scenarios, supports the conclusion that clouds radiatively warm the 
surface year round, during times of high solar elevation and in the absence of 
insolation.  

 
For emphasis we created a new subheading titled, “3.4.3 Cloud Effects on 

the SEB”  
This subsection provides estimates of quantitative insights (Fig11) into the 

role of clouds on the SEB throughout the year and estimates the resulting effect 
on surface temperature.  

 

 

2) There is no mentioning of the importance of surface snow properties for the surface 
albedo and its influence on the net SW flux. On p. 7 the authors are saying " The surface 
albedo is affected by the solar zenith angle" - it is stated that this is the only factor 
affecting albedo. Have the authors looked at the surface properties? Snowfall, 
temperature and wind conditions have a large affect on the surface snow microstructure 
with consequences for the surface albedo (see Carmagnola et al 2013) and thus have to be 
included into the SEB analysis.  

Carmagnola, C. M., Domine, F., Dumont, M., Wright, P., Strellis, B., Bergin, M., Dibb, 
J., Picard, G., Libois, Q., Arnaud, L., and Morin, S.: Snow spectral albedo at Summit, 
Greenland: measurements and numerical simulations based on physical and chemical 
properties of the snowpack, The Cryosphere, 7, 1139-1160, doi:10.5194/tc-7-1139- 2013, 
2013.  



The reviewer brings up a good point that the albedo is affected by snow surface 
properties. In our analysis measured changes in albedo affect the SWnet component of 
the forcing term. It is estimated that the changes to the SWdownwelling and 
LWdownwelling by clouds and insolation are much greater than the changes to 
SWupwelling by albedo changes alone in the dry snow zone so we focus on clouds and 
insolation. Yet, the variability of the albedo for a given month will also affect the forcing 
terms and can be considered a forcing which induces a response of the other SEB terms.  

We added this to Section 3.4 to reflect this sentiment: 

“In addition, variability in surface albedo acts as a forcing, although at Summit the 
magnitude of downwelling radiation variations are much greater than the effect of 
albdeo variations on forcing terms. !” 

Ideally we would rely on the measurements to determine SWnet. Yet, a parameterization 
was needed to capture the diurnal cycle of SWnet and develop a dataset where all SEB 
components were estimated on the 30-minute averaged time scale.  The relationship 
between albedo and solar zenith angle was made under all conditions, taking into account 
all conditions from 2011-2013.  The parameterization of the upwelling SW is why the 
uncertainty the upwelling SW went from 1.8% prior to 2014 to 2.8% during 2014.  

We have reworded this paragraph and added information because it was rather confusing. 

“The surface albedo is determined by dividing the measured SW↑ by the measured SW↓ 
and for clear-sky days should have a minimum at solar noon. During 2014 an asymmetry 
in the diurnal cycle is observed in the measured albedo, where the albedo in the morning 
is up to 10% lower than in the evening. The NOAA/GMD measurements, which are 
mounted on the same fixed arm, indicate the same issue (possibly a gradual slope to the 
surface due to snow drifts). There is good agreement between the ETH SW↓ 
measurements and the total direct plus diffuse SW↓ values, suggesting that asymmetry in 
the diurnal cycle of albedo is likely a problem in the SW↑ component.  . . . These 
uncertainty estimates are larger than the reported uncertainty in the measured SW 
components of 1.8% (Vuilleumier et al., 2014) because, in addition to Z, albedo is 
dependent on other factors such as the optical thickness of overlying clouds and surface 
snow properties.” 

3) It will be useful if the authors extend their linear analysis (fig. 8) to responses to 
multiple factors. SH and LH strongly depend on the near-surface stability, temperature 
and humidity gradients, and wind speed. The authors can try multiple regression or neural 
networks to explore the effect of several predictors.  

We believe multiple regression or neural networks analysis is beyond the scope of the 
paper as we intend to focus on the SEB responses to the forcing terms, while building off 
previous research that estimates the surface energy fluxes from these predictors. In fact, 
the effect of these predictors is folded into the values of the turbulent energy fluxes 
because the input includes stability corrections, wind speed, and temperature and 
humidity (LH only) gradients.  



It is true that our linear analysis is looking at only the first order influence, which is 
radiative. The RMSE values  (Fig 10) of the linear fit are due to the higher order effects 
(such as mechanical mixing due to high winds or decreases in turbulence due to high 
stability). In order to incorporate the uncertainties associated with both a response term 
and the forcing terms we have redone the linear analysis using a different linear fit 
routine. This technique provides a more accurate response and a smaller uncertainty in 
the slope by accounting for measurement uncertainties in both x and y.  

Table 1 was updated with baseline uncertainties that were not included in the previous 
version and text was added to describe the linear regression used.  

 “Performing a linear fit (fitexy, Press et al., 1992) on the relationship between the 
forcing and response terms, which includes uncertainties in both terms, yields a slope of -
1.01 (Figure 8a), indicating that the SEB is largely radiatively driven, . . .” 

Press, W. H., Teukolsky, S. A., Vetterling, W. T., and Flannery, B. P.: Numerical 
Recipes in C: The Art of Scientific Computing, University Press, Cambridge, 2nd edn., 
1992.! 

We recalculated the linear fits using improved linear fit routine, updated Figures 8-11, 
and made appropriate text changes to ensure consistency across the full document. 

Minor comments: !Data description has to be made clearer. It will help to include a table 
with an overview of all measurements used with their basic characteristics - described in 
more details in the text.  

Some data are described in every detail, while others are just mentioned. For example, 
the radiosonde data used in the analysis have to be explained including the manufacturer 
characteristics. There are known biases of humidity measurements at cold temperatures - 
how do they influence the results?  

We acknowledge that a clear description of the data is important and have attempted to 
make the appropriate changes to the document to improve the data description in the 
manuscript.  
 

We added Table 2, which summarizes all the measurements used in this study. 

“Table 2 summarizes the measurements made by the various instruments described 
below.” 

Possible biases in the radiosonde humidity measurements do not affect our analysis 
because the humidity profile is not used in this study.   

We added more radiosonde information in the measurement section and removed the 
mention of humidity measurements: 

“Twice daily Vaisala RS92 radiosondes (0 and 12 UTC) from the Integrated 



Characterization of Energy, Clouds, Atmospheric State, and Precipitation at Summit 
(ICECAPS, Shupe et al., 2013b) project are used to directly measure the atmospheric 
temperature with an uncertainty of 0.5◦.” 

In addition, we moved much of the information from the end of the Measurement section 
and created a new section “2.6 Cloud Properties and Precipitable Water Vapor”.  

To address our shortcoming of inadequately describing the cloud property measurements, 
in section 2.6 we added: “The liquid present cloud fraction for a given month is the 
number of LWP samples greater than 5 gm^-2 divided by the total number of samples. 
During May and June 2014 the microwave radiometer measuring 23.84 and 31.40 GHz 
was off site for repairs and thus LWP and PWV are unavailable for these months. A 35-
GHz Millimeter Cloud Radar (MMCR) determines vertically resolved cloud presence. 
Monthly cloud fractions are calculated using a MMCR detection threshold of -60dBz, 
retaining sensitivity to most hydrometeors” 

 “MMCR derived cloud fraction (solid) and MWR derived liquid present fraction . . .” 
was added to the caption of Figure 6 to link these results to section 2.6.  

p. 5: Please describe the instruments at the NOAA/GMF meteorological tower, which, as 
the authors say, are the primary source of the near-surface measurements  

We added the sensor information in Table 2 and added in the text: 

“. . . temperature measurements (Logan RTD - PT139 special order) with a specified 
resolution of . . .” 

p 5: "The specific humidity at 2 and 10 m, which is needed for deriving LH, is calculated 
from CIBS relative humidity and temperature measurements in combination with 
NOAA/GMD temperature and pressure measurements.": what do you mean "in 
combination"? NOAA and CIBS towers are located 1 km apart... Do you take the average 
values? How CIBS RH are measured - are these Picarro at 50m tower? What about the 
data gaps then (they are only until Dec 2013) - are the NOAA RH values used after that? 
This is not clear.  

The description of meteorological measurements has to be made clear. A photograph of 
both NOAA and CIBS towers will be helpful - as well as a table summarizing all 
instruments as I mentioned above.  

The wording you reference in the manuscript was confusing regarding how specific 
humidity was determined. The 30-minute averaged temperature and RH values were used 
to calculate the vapor pressure via calculating the saturation vapor pressure using the 
Goff-Gratch formulation.  

 “ The specific humidity at 2 and 10 m, which is needed for deriving LH, is calculated 
from the CIBS relative humidity, CIBS temperature and NOAA/GMD pressure 
measurements. The saturation vapor pressure, at a given temperature, is calculated using 



the Goff-Gratch formulation and then multiplied by the relative humidity to get the vapor 
pressure. Specific humidity is proportional to the ratio of the vapor pressure to the 
difference in vapor pressure and air pressure. To provide continuity in the LH estimates 
the meteorologically derived specific humidity values are used as input to the LH flux 
calculations, while direct measurements of water vapor are used to estimate the 
uncertainty in this technique during overlapping time periods. . .” 

p. 6: " The percent error, using the Picarro measurements as truth, at the 2 and 10 m 
levels are 53% and 30%, respectively": how were these errors estimated and what are the 
reasons for such high uncertainty values? are Picarro and meteorological measurements 
done at the same levels 2 and 10m or as you say the height varies depending on local 
snow accumulation - and how much is the difference in height then?  

You have assumed that Picarro humidity measurements as truth - can you provide more 
justification? There have been different results of comparing Picarro with independent 
humidity measurements and also estimating the accuracy of the field measurements 
compared to the laboratory measurements (eg Aemisegger et al 2012, Bonne et al 2014). 
Aemisegger et al 2012 found that the water vapour mixing ratio uncertainty can be quite 
high in the field and depends on calibration frequency and other effects. I am not an 
expert in this but invite the authors to include more detailed comments how Picarro 
measurements were done and used to derive water mixing ratio and their quality. 
Aemisegger, F., Sturm, P., Graf, P., Sodemann, H., Pfahl, S.,Knohl, A., and Wernli, H.: 
Measuring variations of 18O and 2H in atmospheric water vapour using two commercial 
laser-based spectrometers: an instrument characterisation study, At- mos. Meas. Tech., 5, 
1491–1511, doi:10.5194/amt-5-1491-2012,2012. Bonne, J.-L., Masson-Delmotte, V., 
Cattani, O., Delmotte, M.,Risi, C., Sodemann, H., and Steen- Larsen, H. C.: The isotopic 
composition of water vapour and precipitation in Ivittuut, southern Greenland, Atmos. 
Chem. Phys., 14, 4419–4439,doi: 10.5194/acp-14-4419- 2014, 2014  

We have calculated percent error, thusly:  

Percent error = 100*(q_met – q_picarro)/q_picarro 

Meteorologically derived percent errors are large because the uncertainties in q_met are 
large relative to the amount of water vapor that exists in such a dry environment. The 
Picarro, CIBS temperature and CIBS RH are all mounted on the 50m tower so any 
change in local accumulation will uniformly affect them all.  

The reviewer is correct in saying the Picarro measurements are not absolute truth. Yet, 
they are well calibrated and thus we compute the percent error of the meteorologically 
derived values using the calibrated values. The details of the calibration are beyond the 
scope of this paper so we have provided the Bailey et. al. 2015 reference.  

We changed the text reflect the fact that the percent error is calculated in reference to the 
Picarro measurements and removed the word “truth”. 

“The percent error, relative to the Picarro measurements, at the 2 and 10 m levels . . .” 



p. 6: Same comment as for other measurements - please include a table and technical 
description of the ground-base remote sensing equipment used to derive cloud properties. 
"in operation since May 2010" - until the present time? no data gaps or measurements 
issues?  

We have added information in Section 2.6 and summarized the instruments in Table 2. 

p. 6, section 2.2: where are the ETH radiative sensors are located wrt the NOAA tower 
and CIBS?  

All measurements are with in 1km of each other, thus 30-minute averages should account 
for much of the local variability on this relatively homogeneous surface.  

The relative position of the ETH measurements is described in the text: “The radiation 
station is located between the 50m tower and the NOAA/GMD met tower.” 

p. 12 section 3.1 title: why mentioning the period in the title? remove it.  

Changed title to: “Temperature Profiles” 

p. 12, line 22: "free troposphere above ∼500m": very often boundary layer height (which 
is the lower value of the free troposphere) in the Arctic extends above 500m and the 
authors also contradict themselves as on line 17 they speak about synoptic influences at 
1-5km  

Changed to: "free troposphere above ∼1 km" 

p. 12, section 3.2 title "Case studies" - should reflect more precisely the content (eg, 
"Cloud forcing case studies")  

done. 

Section 3.4.2 the text has to be condensed. 

These are the main findings of the paper and thus we left much of this analysis intact.  

A new subsection (3.4.3) was created to separate the estimated cloud effects from the 
SEB response analysis.  

!Fig. 11: please remove the period from the figure and leave it in the caption  

done 

Technical comments:! 

abstract: .. "calculate estimates of..." - replace with "estimate"! 

done 



p. 2: trending.. please use a less colloquial word (eg, showing a trend)! 

done 

2.1 Section title has to be more precise, eg Meteorological and snow measurements  

done 

p.5: Root Mean Square -> capitalization not needed ! 

done 

p. 9" which is that determined" – rephrase 

changed to: “which was determined” 

!p. 12, line 5, last sentence: repetition (rephrase) 

We combined the sentences to remove the repetitive nature of the sentences. “A warm or 
cold pulse at the surface propagates to deeper portions of the GIS over time and can take 
days to influence the temperatures at 1-2 m depth.” 

!p. 13, line 23: on the 10th of November 

done 

!p. 20, line 8: LWup should be without minus  

done 
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Abstract.

Greenland ice sheet surface temperatures are controlled by an exchange of energy at the surface, which includes radiative,

turbulent and ground heat fluxes. Data collected by multiple projects are leveraged to calculate estimates of all surface energy

budget (SEB) terms at Summit, Greenland for the full annual cycle from July 2013 - June 2014 and extend to longer periods for

the radiative and turbulent SEB terms. Radiative fluxes are measured directly by a suite of broadband radiometers. Turbulent5

sensible heat flux is primarily estimated via the bulk aerodynamic method
:::
and

:::::
eddy

:::::::::
correlation

::::::::
methods, and the turbulent

latent heat flux is calculated via a two level approach using measurements at 10 and 2 m. The subsurface heat flux is calculated

using a string of thermistors buried in the snow pack. Extensive quality-control data processing produced a data set in which

all terms of the SEB are present 75% of the full annual cycle, despite the harsh conditions. By including a storage term

for a near surface layer, the SEB is balanced in this data set to within the aggregated uncertainties for the individual terms.10

November and August case studies illustrate that surface radiative forcing is driven by synoptically forced cloud characteristics,

especially by low-level, liquid-bearing clouds. The annual cycle and seasonal diurnal cycles of all SEB components indicate

that the non-radiative terms are anti-correlated to changes in the total radiative flux, and are hence responding to cloud radiative

forcing. Generally, the non-radiative SEB terms and the upwelling longwave radiation component compensate for changes

in downwelling radiation, although exact partitioning of energy in the response terms varies with season and near-surface15

characteristics such as stability and moisture availability. Substantial surface warming from low-level clouds typically leads

to a change from a very stable to a weakly stable near-surface regime with no solar radiation or from a weakly stable to

neutral/unstable regime with solar radiation. Relationships between forcing terms and responding surface fluxes show that

the upwelling longwave radiation produces 55-75% (40-50
::::::
65-85%

::::::
(50-60%) of the total response in the winter (summer)

and the non-radiative terms compensate for the remaining change in the combined downwelling longwave and net shortwave20

radiation. Because melt conditions are rarely reached at Summit, these relationships are documented for conditions of surface-

temperature below 0�C, with and without solar radiation. This is the first time that forcing and response term relationships have

been investigated in detail for the Greenland SEB. These results should both advance understanding of process relationships

over the Greenland icecap
:::
ice

::::
sheet

:
and be useful for model validation.
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1 Introduction

The exchange of energy at the Greenland Ice Sheet (GIS) surface must be thoroughly characterized to fully understand the pro-

cesses that govern surface temperature variability, which is important in monitoring and modeling ice sheet mass balance (Box,

2013). Observations suggest near-surface temperatures are increasing; the GIS is trending
:::::::
showing

:
a
:::::
trend toward greater spa-

tial melt extent (McGrath et al., 2013) with increased melt runoff due to atmospheric warming (Hanna et al., 2008)
:::::::::::::::::::::::::::::::::::::::
(Hanna et al., 2008; Tedesco and Fettweis, 2012).5

The amalgamated freshwater runoff, in combination with ice discharge, determines how this major reservoir of Northern hemi-

sphere ice affects freshwater input into the North Atlantic and Arctic Oceans, and subsequently, global ocean circulation and

sea level rise. Surface melt processes currently account for approximately half of the total mass loss of the entire GIS (van den

Broeke et al., 2009), and during prolonged periods of elevated surface temperatures this proportion is even greater (Smith et al.,

2014). The melt process occurs in two steps. First, energy flux to the surface is used to increase the surface temperature. Then,10

after the melting point is reached, excess net surface energy flux is used to convert ice into liquid water. As an increasing area

of the interior GIS approaches the melting point of snow in summer, spatial and temporal variations of the net surface energy

flux are paramount in determining when the melting point is reached, over what spatial area this occurs, and the amount and

rate of melt after this threshold is reached.

The surface energy budget (SEB) is a balance of radiative, turbulent and ground heat fluxes, which are coupled through15

a variety of processes. Once the surface temperature reaches the melting point of snow, additional energy goes toward melt,

limiting the surface temperature to 0�C. In the absence of phase change, however, a change in one of the SEB terms must be

balanced by a change in another term or combination of terms. Importantly, the surface temperature is related to multiple SEB

terms including upwelling longwave radiation, turbulent sensible heat, and ground heat fluxes. Over time scales long enough for

the surface temperature to adjust, closure of the SEB is achieved and all of the energy exchange at the surface is accounted for.20

Because of the high emissivity (and hence high longwave absorptivity) of the snowpack, the surface is able to adjust relatively

quickly to longwave influences (e.g., whether that is a warm cloud or a cold, clear sky). In contrast to its efficient ability to

absorb longwave radiation, the GIS has a high shortwave albedo and reflects much of the incoming solar radiation. Liquid-

bearing clouds are frequent above the GIS during summer (Shupe et al., 2013b) and have strong implications for increasing

melt extent (Bennartz et al., 2013) and meltwater runoff (Van Tricht et al., 2016). In fact, clouds act to radiatively warm the25

central GIS throughout the year (Miller et al., 2015; Van Tricht et al., 2016), more than would occur via solar radiation acting

alone, as a result of the year-round high surface albedo. Thus, the primary radiative influences on raising surface temperatures

in this region are the solar zenith angle and occurrence of clouds.

A change in the downwelling radiative flux caused by clouds and/or solar radiation will induce a response of the atmospheric

boundary layer and surface. Boundary layer depth and stability are influential for exchange processes, such as sublimation30

fluxes, which modulate accumulation (Berkelhammer et al., 2016). Miller et al. (2013) shows a degradation of the surface-

based temperature inversion in the presence of liquid-bearing clouds, which impacts the near-surface stability (Hudson and

Brandt, 2005) and thus turbulent mixing. A regional modeling case study by Solomon et al. (2016) indicates also that the

response of turbulent and conductive heat fluxes to cloud radiative forcing is important when considering surface-atmosphere
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interactions. Investigating these responses and interactions throughout the year is paramount in discerning the net effect of

liquid-bearing clouds on surface temperatures and, consequently, on sub-surface temperatures and melt processes.

The central GIS is a massive reservoir of snow and ice, responding to energy changes at the surface by conducting heat into or

out of the subsurface. Thus, the ice sheet damps the effects of either strong radiative warming or cooling at the atmosphere-snow

interface. Warmer subsurface temperatures, resulting from warming of surface temperatures, can change the snow morphology5

and precondition the surface to have less capacity for removing subsequent heat excesses generated by atmospheric processes

(Solomon et al., 2016). Proper atmosphere/ice sheet coupling is important to allow for physically realistic radiational cooling

at the surface, in order to minimize surface temperature biases in forecast models (Dutra et al., 2015).

Regional and global climate models are a critical tool for understanding the fate of the GIS and attempt to capture the

non-trivial interactions between the atmosphere and the GIS. Early studies parameterized the SEB of the GIS using meteoro-10

logical measurements from summer camps in western Greenland and observations of albedo from satellites (van de Wal and

Oerlemans, 1994; Konzelmann et al., 1994). More recently, computationally advanced, fully coupled, climate models project

enhanced surface melt as GIS surface temperatures increase under future CO2 forcing scenarios (Vizcaíno et al., 2014). Yet,

these state-of-the-art climate models have surface temperature biases over the GIS, likely due to the under representation

of liquid-bearing clouds (Kay et al., 2016). To better understand and represent the important processes that currently hinder15

models, detailed surface-based observations are valuable.

In western Greenland, detailed measurements of the surface mass balance (van de Wal et al., 2005)
::::::::::::::::::::::::::::::::::::::::::
(van de Wal et al., 2005; Charalampidis et al., 2015),

surface radiation balance (van den Broeke et al., 2008), and surface energy balance (van den Broeke et al., 2011) have been

reported, all of which focus on the ablation zone. In central Greenland, the most sophisticated and comprehensive long-term

observations of surface energy budget are made at Summit Station. While a majority of the published literature has focused on20

the summer season (Cullen and Steffen, 2001; Kuipers Munneke et al., 2009) some studies have targeted SEB annual cycles

in 2000-2001 (Cullen, 2003)and ,
:
2001-2002 (Hoch, 2005),

::::
and

:::::::::
2000-2002

:::::::::::::::::
(Cullen et al., 2014). In addition, various studies

have focused on specific components of the SEB, such as surface latent (Box and Steffen, 2001) or sensible heat (Cohen et al.,

2007; Cullen et al., 2007; Drüe and Heinemann, 2007) fluxes. Annual surface radiation fluxes have been reported at Summit by

van den Broeke et al. (2008), Cox et al. (2014), and Miller et al. (2015), as well as longwave flux divergence in the boundary25

layer by Drüe and Heinemann (2007) and Hoch et al. (2007). Yet, prior to May 2010 there have been limited ground-based

measurements of the atmospheric state and cloud properties to complement these temporally sporadic SEB investigations and

to support process-based understanding of SEB variability on time scales from minutes to seasons.

This study uses comprehensive ground-based measurements to investigate interactions between the atmosphere and the

central GIS throughout the year in order to understand how energy exchange drives temporal variability in surface temperature.30

Summit Station is currently within the accumulation zone, recording only 2 melt events since 1889 (Nghiem et al., 2012). The

lack of melt events provides the opportunity to examine relationships between the various surface energy fluxes in all seasons

without the energetic influence of phase change at the surface. Using a unique compliment
::::::::::
complement of data/measurements

at 30-minute temporal resolution, we present a pair of case studies to illustrate cloud effects on the balance of energy at the

surface and, consequently, the subsurface snow in central Greenland. Next, we characterize the annual and diurnal cycles of35
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the radiative, turbulent and conductive heat fluxes for one year and evaluate SEB closure. Finally, we investigate the seasonal

responses of the turbulent heat fluxes, subsurface heat flux, and upwelling longwave flux to changes in downwelling longwave

and net shortwave fluxes, establishing process-based energy flux relationships.

2 Measurements and Methods

Near-surface instrumentation at Summit Station (72�N 38�W, 3211 m) is used to characterize the surface energy budgetin5

central Greenland. Net radiative (Q), turbulent sensible (SH), turbulent latent (LH), and total subsurface (G) heat fluxes deter-

mine the net surface flux (Fs) according to the equation:

Fs =Q+SH +LH +G. (1)

The total subsurface heat flux (G) considered here is a combination of the conductive heat flux (C) and heat storage in a near-

surface layer (S), detailed in Section 2.5. Each of these four terms is defined such that a positive value sends energy towards10

the surface and visa
::::
vice versa. For all measurements described here, a 30-minute time window is used; this time window was

chosen to fit the constraints set by eddy covariance calculations for sensible turbulent flux (Section 2.3), but is sufficiently brief

to capture both the diurnal cycle and the SEB response to atmospheric variability of interest here.

All SEB terms are estimated for 75.3% of an annual cycle, spanning July 2013 – June 2014, although Q, SH and LH are

also measured prior to July 2013. The techniques used to calculate each SEB term, the data availability periods, and associated15

uncertainties are outlined in the following sub-sections. The estimated uncertainty in each SEB term is summarized in Table 1.

While each component of the SEB has it’s
::
its own uncertainty, at times the various estimates use the same input and are thus

not independent. For example the longwave measurements are used to derive the skin temperature, which is input into both the

bulk sensible heat flux and conductive heat flux estimates.

Estimated uncertainty in each surface energy budget term. LW# or LW" SW# or SW"* SH LH C S1.0 1.8% (> 1.0 ) 8.720

60% 26% 80%

2.1
::::::::::::

Meteorological
::::
and

:::::
Snow

:
Measurements

Redundancy of many direct measurements used to derive the SEB components is imperative in the harsh Arctic environment

where frost, rime and extreme cold create operational challenges. Certain measurement techniques are only valid during specific

atmospheric conditions and operational temperature ranges of the instrumentation. As a result, redundant data streams and25

multiple independent methodologies are considered whenever possible to investigate suspected biases and fill in data gaps

during instrument downtime.
::::
Table

::
2

::::::::::
summarizes

:::
the

::::::::::::
measurements

::::
made

:::
by

:::
the

::::::
various

::::::::::
instruments

::::::::
described

::::::
below.

Twice daily
:::::
Vaisala

:::::
RS92

:
radiosondes (0 and 12 UTC) from the Integrated Characterization of Energy, Clouds, Atmospheric

State, and Precipitation at Summit (ICECAPS, Shupe et al., 2013b) project are used to directly measure the atmospheric

temperature and humidity profile
::::
with

::
an

::::::::::
uncertainty

::
of

::::
0.5�. A near-surface meteorological tower, maintained by the National30

Oceanic and Atmospheric Administration’s Global Monitoring Division (NOAA/GMD), is the primary source of the near-
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surface (⇡ 2 m and ⇡ 10 m) temperature measurements
::::::
(Logan

::::
RTD

::
-
::::::
PT139

::::::
special

::::::
order)

:
with a specified resolution

of 0.1�C. An experiment on Closing the Isotope Balance at Summit (CIBS), approximately 1 km northeast of the NOAA

tower, included a broad suite of advanced meteorological measurements for evaluating surface exchange processes, including

aspirated temperature measurements at 2 and 10 m. The CIBS instruments were mounted on a 50 m tower operated by the

Swiss Federal Institute of Technology (ETH) Zürich. On average the CIBS 2 m temperatures are 0.72�C greater than the5

NOAA/GMD 2 m temperatures with a Root Mean Square
::::
root

:::::
mean

:::::
square

:
(RMS) difference of 1.64�C. A portion of the

RMS difference is due to spatial distance between measurement locations and possibly also due to local variability in snow

accumulation which would lead to differences in the measurement heights of the sensors. In addition, CIBS included Metek

USA1 three-dimensional ultra sonic anemometers to directly measure orthogonal components of high frequency fluctuations

in temperature and wind speed. The sonic anemometers (20 Hz sampling rate), equipped with heated transducers to prevent10

riming or frost buildup, were mounted at 2 and 10 m on the 50-m tower. Before 19 January 2013 the heaters operated only when

there were significant data dropouts due to rime/frost; after this date the heaters were on constantly. Comparison of the data

before and after the heater configuration change indicate that sensible fluxes generated by the heating elements are sufficiently

small that they are well within the measurement uncertainty. The high frequency sonic anemometer windspeed measurements

are averaged to estimate the mean 30-minute wind speed. Redundant wind speed measurements are also made by CIBS cup15

anemometers, which have moving parts that have a frictional threshold that requires a wind speed of at least 0.5 ms�1 for

reliable measurements. Comparisons between the two measurements for conditions above 0.5 ms�1 show a RMS difference

of 1.75 ms�1 and a bias of -0.55 ms�1 in the cup anemometer data.

Subsurface temperatures are measured by Campbell Scientific 107 Temp Probes buried in the snow (every 20 cm in depth)

near the 50-m tower. The height of the surface relative to the thermistor string is estimated from a downward facing sonic ranger20

mounted on the tower above the thermistor string. During the single year when the thermistor data was available (July 2013 –

June 2014) the surface height increased by 0.68 m. Due to scatter in the reported surface heights, the snow depths are smoothed

using a 5-day running window to remove erroneous spikes in the snow depth. Realistic longer term
::::::::::
longer-term discontinuities

due to actual snow events were maintained by limiting the period over which data smoothing occurred. Inexplicably, on 27

May 2014 the sonic ranger reported an abrupt 17.8 cm decrease in the surface height. The near surface thermistor variability25

indicates that this was unrealistic, hence an offset of -17.8 cm was applied to the thermistor depths thereafter through the end

of the study period. The standard deviation over 30-minutes of the 1-minute subsurface temperature data indicates that the

variability decays as a function of depth because of a decline in the thermal effects of wind ventilation and direct solar heating

due to solar penetration. To minimize the impact of these complicating issues a standard deviation threshold of 0.1 is used to

determine that the acceptable minimum depth to use for the shallowest subsurface thermistor is about -20 cm.30

The specific humidity at 2 and 10 m, which is needed for deriving LH, is calculated from
::
the

:
CIBS relative humidityand

temperature measurements in combination with
:
,
::::
CIBS

::::::::::
temperature

::::
and NOAA/GMD temperature and pressure measurements

:::::::
pressure

::::::::::::
measurements.

::::
The

::::::::
saturation

:::::
vapor

:::::::
pressure,

::
at
::
a
:::::
given

::::::::::
temperature,

::
is

:::::::::
calculated

::::
using

:::
the

:::::::::::
Goff-Gratch

:::::::::
formulation

::::
and

::::
then

::::::::
multiplied

:::
by

:::
the

::::::
relative

::::::::
humidity

::
to

:::
get

::
the

:::::
vapor

::::::::
pressure.

:::::::
Specific

::::::::
humidity

:
is
:::::::::::
proportional

::
to

:::
the

::::
ratio

::
of

:::
the

:::::
vapor

:::::::
pressure

::
to

:::
the

::::::::
difference

:::
in

:::::
vapor

:::::::
pressure

::::
and

::
air

::::::::
pressure.

:::
To

::::::
provide

:::::::::
continuity

::
in
::::

the
:::
LH

::::::::
estimates

:::
the

::::::::::::::
meteorologically

:::::::
derived35
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::::::
specific

::::::::
humidity

::::::
values

:::
are

::::
used

::
as

:::::
input

::
to

:::
the

:::
LH

::::
flux

:::::::::::
calculations,

:::::
while

:::::
direct

::::::::::::
measurements

::
of

:::::
water

:::::
vapor

:::
are

:::::
used

::
to

:::::::
estimate

:::
the

:::::::::
uncertainty

::
in

::::
this

::::::::
technique

::::::
during

::::::::::
overlapping

::::
time

::::::
periods. From July 2012 to Dec 2013 direct measurements

of water vapor mixing ratio are obtained via a Picarro model L2120 spectrometer, which was calibrated using a LiCor LI160

dew point generator (Bailey et al., 2015). The instrument directly samples air moisture content once an hour at multiple levels

on the 50-m tower using a constrained inlet system to limit large (> 50 µm) hydrometers
:::::::::::
hydrometeors from being incorporated5

into the vapor measurements. Comparing meteorologically derived specific humidity values at approximately 1-2 m and 9-10

m above the surface to the highly accurate Picarro measurements reveals a small bias of +0.065 g kg�1. The percent error,

using
::::::
relative

::
to the Picarro measurementsas truth, at the 2 and 10 m levels are 53% and 30%, respectively.

Investigating the surface flux estimates in combination with active and passive cloud property measurements yields a

comprehensive understanding of how clouds affect the GIS energy budget. In addition to the aforementioned radiosondes,10

ICECAPS also measures the cloud properties via a comprehensive suite of instruments, in operation since May 2010. ICECAPS

is described in detail by Shupe et al. (2013b). Liquid water path (LWP) and precipitable water vapor (PWV) are estimated

using a physical retrieval via a pair of microwave radiometers, similar to Turner et al. (2007). In a dry environment, such as

Summit, it is advantageous to use a total of 3 channels (23.84, 31.40, 90.0 GHz) to increase sensitivity and effectively reduce

uncertainty (LWP ⇡ 5 , PWV ⇡ 0.35 mm) (Crewell and Löhnert, 2003). The primary changes to the LWP values estimated in15

Miller et al. (2015) are an improved liquid-water model (TKC, Turner et al., 2016) and the use of three channels in the retrieval

instead of four. By excluding the 150.0 GHz channel, biases in LWP retrievals due to precipitating ice hydrometers will not

impact the overall statistical results (Pettersen et al., 2016). Vertically resolved cloud presence is determined by a 35-GHz

Millimeter Cloud Radar (MMCR).

2.2 Radiative Flux20

Four broadband radiation components comprise the net radiation at the surface (Q):

Q= LW#�LW"+SW#�SW". (2)

At Summit Station ETH maintains broadband radiative flux measurements, at approximately 2 m above the surface.
:::
The

:::::::
radiation

::::::
station

::
is
:::::::

located
:::::::
between

::::
the

::::
50m

:::::
tower

::::
and

:::
the

::::::::::::
NOAA/GMD

::::
met

:::::
tower.

:
Kipp and Zonen CG4 pyrgeometers

measure the upwelling and downwelling thermal emission (LW" and LW#) in the spectral range of 4.5 – 40 µm and Kipp and25

Zonen CM22 pyranometers measure the upwelling and downwelling solar irradiance (SW" and SW#) in the spectral range of

200 – 3600 nm. In this study the radiative flux measurements extend from January 2011 - June 2014.

Data processing for radiation measurements used here is similar to Miller et al. (2015), including corrections to the LW#
components based on the net longwave radiation and comparison to colocated broadband radiation measurements operated by

NOAA-GMD. An
:::
The

::::::::
radiation

::::::::::
components

::::
have

:::
an estimated Gaussian longwave radiation measurement uncertainty of 4-530

Wm�2 (Gröbner et al., 2014)for the 1-minute data translates to about 1 uncertainty in the 30-minute average data. Assuming

an emissivity uncertainty of 0.005 a LW-derived surface temperature has an approximate uncertainty of 0.6�C, which is derived
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from the radiation measurements thusly:

Tsurf = [(LW"� (1� ✏)LW#)/(✏�)]0.25, (3)

where surface emissivity(✏) = 0.985 and � = is the Stefan-Boltzmann constant. Comparing LW" to similar, proximate NOAA/GMD

radiation measurements indicates that there is general agreement within the estimated 4-5 Wm�2 uncertainty of the longwave

radiative components. Yet, for very cold surface temperatures (i.e., < -46�C) differences between the NOAA/GMD and ETH5

LW" are more pronounced. Hence, a third degree polynomial was used to fit the difference between the ETH and NOAA/GMD

LW" as a function of the ETH LW". A correction factor (y) was applied based on the measured ETH LW" (x) value according

to the equation: y =�14.99+0.1715x�0.000668x2+8.579e�7x3, which assumes the more recently calibrated NOAA/GMD

pyrgeometers are accurate. After applying the adjustments to LW" and LW# (Miller et al., 2015) the 1-minute LW data are

consistent with a total uncertainty of 4-5 Wm�2.10

The surface albedo (
:
is
::::::::::

determined
:::
by

:::::::
dividing

::::
the

::::::::
measured

:
SW" /SW

::
by

:::
the

:::::::::
measured

:::
SW# ) is affected by the solar

zenith angle, and for clear-sky days should have a minimum at solar noon. During 2014 an asymmetry in the diurnal cycle is

observed in the measured albedo, where the albedo in the morning is up to 10% lower than in the evening. The NOAA/GMD

measurements, which are mounted on the same fixed arm, indicate the same issue (possibly a gradual slope to the surface

due to snow drifts). There is good agreement between the
::::
ETH SW# measurements and the total direct plus diffuse SW#15

valueswhen available, suggesting that this issue is unlikely a leveling
:::::::::
asymmetry

::
in

:::
the

::::::
diurnal

:::::
cycle

:::
of

::::::
albedo

::
is

:::::
likely

::
a

problem in the SW#
:
" component. Hence, the SW" value is estimated in 2014 using the SW# value according to the equation:

SW"= ↵SW#, where ↵ is the albedo. A linear relationship between albedo and solar zenith angle (Z) for 2011 – 2013 is

used to estimate an albedo in 2014 according to the equation: ↵= 0.798+0.00107 ⇤Z. Comparing the measured SW" to

the parameterized SW" yields an RMS difference of 5.7 Wm�2 for SW# < 278 Wm�2 and 12.6 Wm�2 for SW# > 27820

Wm�2. Thus, the uncertainty in the parameterized SW" component is ⇡ 5.7 Wm�2 for small sun angles and ⇡ 2.8% for

larger SW# values. These uncertainty estimates are larger than the reported uncertainty in the measured SW components of

1.8% (Vuilleumier et al., 2014)
:::::::
because,

::
in
:::::::
addition

:::
to

::
Z,

::::::
albedo

:
is
:::::::::
dependent

:::
on

::::
other

::::::
factors

::::
such

:::
as

:::
the

::::::
optical

::::::::
thickness

::
of

::::::::
overlying

:::::
clouds

::::
and

::::::
surface

:::::
snow

::::::::
properties.

During periods of 2013 and 2014 the SW# component has a bias that is evident when the sun is below the horizon, hypothe-25

sized to be due to a grounding issue. A bias correction of 2.45 Wm�2 was applied to 20 November 2013 to 30 January 2014,

determined by the average value when the solar zenith angle was greater than 95�. From 31 January 2014 to 14 April 2014 a

bias correction of 4.61 Wm�2 is applied to the SW# to remove the negative bias.

2.3 Turbulent Sensible Heat Flux

The net surface flux is influenced by the temperature of the overlying air, i.e. warmer near-surface air will increase the sensible30

heat transferred to the surface. Direct heat transfer, via conduction, from the atmosphere to the snowpack is only prominent very

close to the surface, thus heat is primarily transferred via turbulent eddies. These eddies act to mix the air within the surface
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layer, reducing the vertical temperature gradient. Estimates of the sensible heat flux are calculated using two independent

methods: eddy correlation method and the bulk aerodynamic method.

The eddy correlation (EC) method (e.g., Oke, 1987) calculates the covariance between the anomalies in the vertical wind

(w0) and temperature (✓0) to determine the turbulent sensible heat flux according to the equation:

SH = ⇢cpw0✓0, (4)5

where the constants are the density (⇢) and heat capacity (cp) of air. By using direct measurements of windspeed and tempera-

ture from a three-dimensional sonic anemometer, an accurate calculation of the heat exchange at ⇡ 2 m is obtained.

A 30-minute averaging period is a short enough time-window to exclude issues of non-stationarity while still long enough

to include low frequency contributions to the turbulent heat flux. Various quality-control (QC) measures are implemented to

ensure the data is representative of the entire sensible heat flux during the 30-minute window. QC measures exclude large10

changes in windspeed or wind direction, upwind contamination by the experimental apparatus, and ± 30% deviations from

characteristic -5/3 slope in the inertial subrange (Kaimal et. al. 1972). Applying the QC criteria flags 75% of the available data,

spanning September 2011 – June 2014. Thus, for the 85% of this period that either have instrument downtime or where the

data are QC flagged, an alternative approach is used.

Due to the limited data set available from the EC method, a bulk aerodynamic method is also used in order to fill in data15

gaps for the time period June 2011 – June 2014. The bulk transfer method uses Monin-Obukhov similarity theory to estimate

turbulent sensible heat flux at the surface:

SH = ⇢cpChU(Tsurf �T2m), (5)

where U is the mean horizontal wind speed at 2 m, Tsurf is the skin temperature, T2m is the temperature at 2 m, and Ch

is the sensible heat transfer coefficient for the 2 m reference height (Persson et al., 2002; Fairall et al., 1996). NOAA/GMD20

meteorological data is the primary source of the 2 m temperature measurements and data gaps are filled with CIBS temperature

data. Cup anemometer measurements fill in data gaps of the sonic anemometer-derived 2 m windspeed measurements. Ch

is based on the roughness of the surface and assumes scalar velocity and temperature roughness lengths with corrections to

account for boundary layer stability. An optimal (as compared to the EC measurements) velocity roughness length of 3.8e-4 m

(Kuipers Munneke et al., 2009) and a roughness length for temperature of 1e-4 m (Andreas et al., 2005) are assumed constant25

in time. Separate stability correction functions for stable or unstable boundary layer conditions are used to iteratively coverge

on the best estimate sensible heat flux (Persson et al., 2002).

Comparing the bulk sensible heat flux to the quality controlled EC data gives an indication of the uncertainty in the bulk

method. Bulk data is deemed valid when the surface friction velocity (u⇤ = [�u0w0]0.5) value exceeds 0.03 ms�1. A correlation

coefficient of 0.89 exists between the two techniques for the subset of data deemed valid for both techniques. The RMS30

difference between the two methods (8.7 Wm�2) is the net estimated uncertainty in the sensible heat flux. Compared to the

EC data the bulk method has a bias of +7.0 Wm�2. For instances where the bulk sensible heat flux magnitude is less than 10
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Wm�2 the bias and RMS difference decrease to +3.5 and 2.60 Wm�2, respectively. This improvement suggests some of the

differences could be due to inaccurate stability correction functions, uncertainty in the surface temperature derived from LW

measurements and snow emissivity assumptions, or roughness length values. Sensible heat flux discrepancies could also be

due to measurement height differences between the EC and bulk methods. While the bulk method uses the measured surface

skin temperature the EC values are measured at 2 m, which could differ from the sensible heat flux directly at the surface5

under very stable conditions. This suggests that the true SH uncertainty is smaller than estimated here. The covariance u⇤ and

bulk u⇤ are well correlated (0.84) with a RMS difference of 0.55 ms�1 and the bulk values are biased low (-0.026 ms�1).

Changing the velocity roughness length to 4.5e-4 m, which is that
:::
was

:
determined for snow-covered multi-year sea ice (i.e.,

Persson et al., 2002) increases the RMS differences for the sensible heat flux by 1.4 Wm�2, suggesting that variability in the

roughness of the surface could contribute to error in the bulk parameterization. A majority of the 8.7 Wm�2 uncertainty in10

the bulk estimates is likely due to uncertainties in the skin temperature as estimated from a constant surface emissivity. From

June 2011 to June 2014 the bulk estimates are available for 78% of the time period. Thus, filling in EC data gaps with the bulk

values vastly improves the temporal coverage of the sensible heat estimates.

2.4 Turbulent Latent Heat Flux and Stability

Turbulent eddies also affect the surface energy budget by transferring latent heat toward or away from the surface. Frequently15

the specific humidity increases with height above the surface, resulting in a transfer of latent energy toward the surface possibly

resulting in deposition. The bulk method used by Persson et al. (2002) assumes saturation conditions at the surface, which is

not always a valid assumption for dry snow (Albert and McGilvary, 1992). In central Greenland the two-level profile method

has been shown to be superior to the bulk method (Box and Steffen, 2001) as it can account for sublimation and deposition to

the surface.20

The profile method used here is similar to Steffen and DeMaria (1996) such that the latent heat flux is calculated from

near-surface horizontal wind (U) and mixing ratio (q) gradients (� = value at 10 m - value at 2 m) according to the equation:

LH = ⇢Lvk
2z2r

⇣�U

�z

�q

�z

⌘
(�m�e)

�1, (6)

where ⇢ is the density of air, Lv is the latent heat of vaporization, k is the von Kármán constant (0.4), and zr is the log mean

height ( �z
ln(z2z1�1) ). The stability functions for the transfer of momentum (�m) and water vapor (�e) are corrections based upon25

the stability of the boundary layer and will either increase (unstable conditions) or decrease (stable conditions) the surface flux.

A measure of boundary layer stability is attained via calculation of the bulk Richardson number (Ri). The sign of Ri indicates

whether mechanical mixing (positive) or buoyancy (negative) is more important in producing turbulence. Ri is dependent on

the gradient in virtual potential temperature (�✓v),wind speed (�u) and respective measurement heights (�z) according to

the equation:30

Ri=
g

✓̄v

�✓v�z�1

(�u�z�1)2
, (7)
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where g is the acceleration due to gravity (9.81 ms�2 ) and ✓̄v is the average virtual temperature (K) between the two levels.

In accordance with Steffen and DeMaria (1996), Ri is used to calculate the stability corrections. Coefficients for relating Ri

to the stability factors are obtained from a study conducted in 2000, which used eddy correlation turbulence measurements to

obtain the relationships in Table 3 (Cullen, 2003). For stable Ri values greater than zero the stability functions act to reduce

the magnitude of the latent heat flux. For Ri greater than the critical Richardson number (Ric
::
Ri = 0.25) vertical turbulence5

becomes small and, in theory, results in laminar flow. Grachev et al. (2013) indicates that intermittent and non-stationary

turbulence can exist even in this super critical regime. Assuming LH = 0 for Ri > 0.25 could underestimate latent heat flux

from intermittent non-stationary turbulence but isotopic closure calculations indicate that for very-stable
:::
very

::::::
stable boundary

layers tracers are conserved, suggesting little to no net water-vapor exchange at the surface (Berkelhammer et al., 2016). Thus,

for Ri measurements which fall into the super critical regime, 44% out of the 33,090 total measurements from March 201210

– June 2014, the latent heat fluxes are set to zero, providing a reminder of the significance of high stability in limiting mass

transfer.

Stability functions for unstable and stable regimes from Cullen (2003). Stability function Unstable (Ri < 0) Stable (0 < Ri <

0.25) �m (1+ 27|Ri|)�0.2 (1+ 4Ri
1�4Ri ) �e (1+ 19|Ri|)�0.55 (1+ 3Ri

1�4Ri )

LH is the data set most susceptible to data gaps because there must be input values of specific humidity, wind speed, and15

temperature at both the 2 m and 10 m levels. Yet by using the best available meteorological data from NOAA/GMD and/or the

CIBS project we estimate LH for 81% of the time period from March 2012 – June 2014. The main driver of uncertainty is the

estimation of the mixing ratios with uncertainties of 53% and 30% at 2 m and 10 m, respectively, as compared to the Picarro

measurements. The resultant error contribution (60%) to the LH estimate dominates the contribution from uncertainty in the

wind speeds.20

2.5 Subsurface Heat Flux

The energy flux from the overlying atmosphere to the subsurface includes direct radiative heating of the snowpack due to

solar penetration (Kuipers Munneke et al., 2009), the thermal effects of wind ventilation (Albert and McGilvary, 1992), and

conduction. To minimize the complications in calculating sub-surface heat flux caused by the other factors, an estimation of

the conductive heat flux (C) at a depth below the solar penetration depth (at least 20 cm) combined with a heat storage (S) in25

the snow above this level is used to provide an estimation of the total subsurface heat flux (G), such that

G= C +S. (8)

In this study we calculate the storage heat flux across the uppermost layer and assume the heat flux to the subsurface below is

equivalent to C.

The conductive heat flux (C) represents the diffusion of heat between the subsurface and the overlying surface. The effec-30

tiveness of the heat transfer is a function of the thermal conductivity of the snow (K) and the vertical temperature gradient

(�T/�z):

C =�K
�T

�z
. (9)
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The temperature gradient for the uppermost subsurface layer (�T01) is estimated as the difference between the surface tem-

perature (Tsurf , Equation 3) and the temperature measured by the shallowest, sub-surface sensor. To estimate C, at ⇡20 cm

depth, the conductive heat flux at the two levels bracketing this depth are calculated and averaged, according to the equation:

C =�1

2
(K01

�T01

�z01
+K12

�T12

�z12
). (10)

The thermal conductivity of the upper most layers of snow is estimated from average density profile measurements taken5

from five snow pits around Summit Station in July 2014. The average standard deviation of density among pits at all depths

is 50 kg m�3. There is a known annual cycle in snow density in this region based on seasonally varying thermal and snow

properties (Albert and Shultz, 2002). The first two density minima with increasing depth are assumed to be different solely due

to compaction of the snow over the course of a year, resulting in a linear compaction factor of -22 kg m�3 year�1. This factor

is used to estimate the annual evolution of near-surface snow density as a function of time from the profile measurements10

collected July 2014. The adjusted density profile is used to determine an average snow layer density for the representative

near-surface conditions from July 2013 – June 2014. The result is a range of density values varying annually between 348 –

413 kg m�3. Snow density is converted to thermal conductivity according to Jordan (1991) resulting in a seasonally varying

thermal conductivity with an average value of 0.47 W m�1 K�1. The average value is higher than summer sea-ice values

(Sturm et al., 1997; Persson et al., 2002) of 0.3 W m�1 K�1, although the summer minimum conductivity (0.39 W m�1 K�1)15

is more similar to the sea-ice values.

The uncertainty in the conductive flux is related to the uncertainties in the calculated skin temperature, subsurface tempera-

ture, subsurface measurement height and snow conductivity estimate. The LW derived
::::::::::
LW-derived skin temperature uncertainty

is approximately 0.6 K. The thermistor accuracy specifications indicate an interchangeability tolerance of 0.38 K at 0�C and

0.6 K at -40�C. We estimate the uncertainty in the measurement height of the shallowest thermistor as 2 cm. A 50 kg m�320

uncertainty in the snow density translates to 0.1 W m�1 K�1 uncertainty in snow conductivity. The average temperature dif-

ference between the surface and -40 cm is about 7.2�C. The resultant uncertainty in the conductive flux, calculated by taking

the quadrature sum of the fractional uncertainties is 26%.

The storage of heat in a layer is related to the time rate of temperature change averaged over that layer. The storage heat flux

(S) includes energy associated with solar heating, longwave emission, and turbulent heat flux within the snow. In the uppermost25

layer (⇡20 cm), S is calculated by the layer averaged temperature difference (�T ) between chronologically adjacent time steps

(�t = 30 minutes), where T1 is the temperature of the shallowest thermistor at a depth z1 (simliar
:::::
similar

:
to Hoch (2005));

S =�cice ⇢

"
�Tsurf + �T1

2�t

#
(�z1), (11)

and cice is the specific heat of ice and ⇢ is the average density of the layer. The large uncertainty in the skin temperature

measurements (0.6�C) are close to the average temperature change from one time step to the next (0.76�C) resulting in an30

estimated uncertainty in S of 80%. The estimate of S is the most uncertain term in the SEB.

2.6
:::::

Cloud
:::::::::
Properties

::::
and

:::::::::::
Precipitable

:::::
Water

::::::
Vapor
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::::::::::
Investigating

:::
the

::::::
surface

::::
flux

::::::::
estimates

::
in

::::::::::
combination

::::
with

:::::
active

:::
and

::::::
passive

:::::
cloud

:::::::
property

::::::::::::
measurements

:::::
yields

::
a

::::::::::::
comprehensive

:::::::::::
understanding

:::
of

::::
how

::::::
clouds

:::::
affect

:::
the

::::
GIS

::::::
energy

:::::::
budget.

::
In

:::::::
addition

:::
to

:::
the

:::::::::::::
aforementioned

:::::::::::
radiosondes,

:::::::::
ICECAPS

::::
also

:::::::
measures

:::
the

:::::
cloud

:::::::::
properties

:::
via

:
a
:::::::::::::
comprehensive

::::
suite

::
of

:::::::::::
instruments,

::
in

::::::::
operation

:::::
since

::::
May

:::::
2010.

:::::::::
ICECAPS

::
is

::::::::
described

::
in

::::
detail

:::
by

:::::::::::::::::
Shupe et al. (2013b).

::::::
Liquid

:::::
water

::::
path

::::::
(LWP)

:::
and

::::::::::
precipitable

:::::
water

::::::
vapor

::::::
(PWV)

:::
are

::::::::
estimated

:::::
using

::
a

:::::::
physical

:::::::
retrieval

::
via

::
a
:::
pair

:::
of

:::::::::
microwave

::::::::::
radiometers

:::::::
(MWR),

::::::
similar

::
to

:::::::::::::::::
Turner et al. (2007).

::
In

:
a
:::
dry

:::::::::::
environment,

:::::
such

::
as

:::::::
Summit,

::
it5

:
is
::::::::::::
advantageous

::
to

:::
use

:
a
::::
total

::
of

:
3
::::::::
channels

::::::
(23.84,

:::::
31.40,

::::
90.0

:::::
GHz)

::
to

:::::::
increase

::::::::
sensitivity

::::
and

:::::::::
effectively

:::::
reduce

::::::::::
uncertainty

::
in

::::
LWP

:::
(⇡

:
5
:
gm�2

:
)
:::
and

:::::
PWV

:::
(⇡

::::
0.35

::::
mm)

::::::::::::::::::::::::
(Crewell and Löhnert, 2003).

::::
The

::::::
primary

:::::::
changes

::
to
:::
the

:::::
LWP

:::::
values

:::::::::
estimated

::
in

::::::::::::::::::
Miller et al. (2015) are

::
an

:::::::::
improved

::::::::::
liquid-water

:::::
model

:::::::::::::::::::::::::
(TKC, Turner et al., 2016) and

:::
the

:::
use

::
of

::::
three

::::::::
channels

::
in

:::
the

:::::::
retrieval

::::::
instead

::
of

::::
four.

:::
By

:::::::::
excluding

:::
the

:::::
150.0

::::
GHz

::::::::
channel,

:::::
biases

::
in

:::::
LWP

::::::::
retrievals

:::
due

:::
to

::::::::::
precipitating

:::
ice

:::::::::::
hydrometers

::::
will

:::
not

:::::
impact

:::
the

::::::
overall

:::::::::
statistical

:::::
results

:::::::::::::::::::
(Pettersen et al., 2016).

::::
The

:::::
liquid

:::::::
present

:::::
cloud

::::::
fraction

:::
for

::
a

:::::
given

:::::
month

::
is

:::
the

:::::::
number10

::
of

::::
LWP

::::::::
samples

::::::
greater

::::
than

::
5 gm�2

::::::
divided

:::
by

:::
the

::::
total

:::::::
number

::
of

::::::::
samples.

::::::
During

:::::
May

:::
and

::::
June

:::::
2014

:::
the

::::::::::
microwave

:::::::::
radiometer

:::::::::
measuring

:::::
23.84

:::
and

:::::::::
31.40GHz

:::
was

:::
off

::::
site

::
for

::::::
repairs

::::
and

::::
thus

::::
LWP

::::
and

:::::
PWV

:::
are

:::::::::
unavailable

:::
for

:::::
these

:::::::
months.

:
A
::::::::

35-GHz
:::::::::
Millimeter

::::::
Cloud

:::::
Radar

:::::::::
(MMCR)

:::::::::
determines

:::::::::
vertically

:::::::
resolved

:::::
cloud

:::::::::
presence.

:::::::
Monthly

::::::
cloud

:::::::
fractions

::::
are

::::::::
calculated

:::::
using

:
a
:::::::
MMCR

::::::::
detection

::::::::
threshold

::
of

:::::::
-60dBz,

:::::::
retaining

:::::::::
sensitivity

::
to

:::::
most

::::::::::::
hydrometeors.

3 Results15

3.1 Temperature (July 2013 – June 2014)

:::::::::::::
Observationally

:::::
based

::::::
results

::::::
capture

::::::::::::::
atmospheric/ice

::::
sheet

:::::::::::
interactions.

::::
This

::::::
section

::::
will

::::
first

:::::::
examine

::::::::::
temperature

:::::::
profiles

:
at
::::::::
Summit,

::::::::
providing

:
a
:::::::::::
foundational

::::::::::::
understanding

:::
for

::::
how

:::
the

:::::::::
atmosphere

::::
and

::::::::
snowpack

:::
are

:::::::
related.

::::::::
Secondly,

:::::::::::
investigation

::
of

:::
the

::::::::::
partitioning

::
of

:::::::
surface

::::::
energy

::::
flux

::::
over

:::
the

::::::
annual

:::
and

:::::::
diurnal

:::::
cycles

::::::::::
illuminates

:::::
when

:::::::
various

::::
SEB

:::::
terms

:::
are

:::::
most

:::::::::
influential.

::::::
Finally,

::::::::::
quantifying

:::
the

::::::::
response

::
of

:::
the

::::
SEB

::
to
::::::::

changes
::
in

:::
the

:::::::::::
downwelling

::::::::
radiation,

::::::::::::
predominately

:::::::
affected

:::
by20

::::
cloud

::::::::
presence

:::
and

:::::::::
insolation,

::::::
shows

::::
how

:::
the

:::::::::::
non-radiative

::::
SEB

:::::
terms

:::::
effect

:::
the

::::::
surface

::::::::::
temperature

:::::::::
variability.

3.1
:::::::::::

Temperature
:::::::
Profiles

The temperature variability at and below the ice sheet surface is important for understanding the flow of heat through this

interface and can influence processes like
::::
such

::
as

:
snow compaction and melt. Figure 1 depicts the variability in temperature

above, below and at the surface from 1 July 2013 to 30 June 2014. The maximum surface temperature (Tsurf ) was -3.1�C on25

10 July 2013 and the minimum was -68.8�C on 23 March 2014 (Figure 1a). A warm or cold pulse at the surface propagates to

deeper portions of the GIS over time . A warm or cold event at the surface takes
:::
and

:::
can

::::
take

:
days to influence the temperatures

at 1-2 m depth. In general, the slope of a pulse is about 10 cm of penetration per day.

In the spring, fall and winter, surface-based temperature inversions are prevalent (Miller et al., 2013) and the warmest layers

of the atmosphere occur between 100-1000 m above ground level as can be seen in Figure 1a. In fact, the minimum temperature30

in the near-surface layer (-2 m to 20 m) occurs at the surface 46% of the year. At times the subsurface is the warmest level in
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the full temperature profiles (-2 m to 5 km) shown in Figure 1a. The average monthly surface temperature is colder than the

average 500 m and -1 m temperatures from September to April (Figure 1b), although January 2014 had anomalously warm

(compared to Januaries 2011 – 2013) surface temperatures.The maximum temperature in the near-surface layer occurs at the

surface only 3.4% of the year, indicating that the default state of the system is strong surface cooling to space.

Advection of air masses over the GIS is the foundational mechanism that influences temperatures at the surface. Temperature5

changes at 1-5 km above ground level (AGL) are indicative of synoptic influences that transport warmer or colder air masses

to Summit. During 10 January 2014 (Figure 1a) warmer air advection corresponds to relatively warm surface temperatures of

-25�C. Yet there are instances, such as 15 January – 4 February 2014 with large variability in Tsurf that are not associated

with large scale advection, as evidenced by fairly constant temperatures from 50 m to 5 km in altitude. The correlation between

the temperatures at 5 km and the surface is 0.77 and from 1-2 km the correlation with surface temperature increases to 0.87.10

Seasonal synoptic variations in the free troposphere above ⇡500 m
:
1
:::
km

:
influences surface temperatures, especially when the

downwelling longwave emission originates from the warmest levels of the atmosphere. Synoptically driven warm air advection

enhances the formation of optically thick liquid-bearing clouds, which decrease the difference in emitted longwave radiation

between the air aloft and the surface. The

3.2
::::::

Surface
:::::::
Energy

::::::
Budget15

3.2.1
::::::
Annual

::::::
Cycle

:::::::
Monthly

::::::::
averages

::
of

:::
the

:::::
four

::::
SEB

:::::
terms

:::::
from

::::::::
Equation

::
1

::::::::
illustrate

:::
the

:::::::
seasonal

:::::::
balance

:::
of

::::::
energy

::::::
fluxes

::
at

:::
the

:::::::
surface

::::::
(Figure

:::
2).

::::
The

::::::
bottom

:::::::
numbers

:::
in

::::::
Figure

:
2
:::::::
indicate

:::
the

::::::::::
percentage

::
of

:::
the

::::::
month

:::
for

:::::
which

:::
all

::
4
::::
SEB

:::::
terms

:::
are

:::::::::
available.

::
In

:::::::
addition,

::::::
Figure

:
2
:::::::
includes

:::::::::
additional

::::
data

::
for

:::
Q,

:::
SH,

::::
and

:::
LH

::::::::
indicating

::::
that

::::
July

::::
2013

::
–

::::
June

::::
2014

::
is,

::
in
:::::::
general,

:::::::::
consistent

::::
with

:::::::
previous

:::::
years

:::
and

::::::::
indicates

:::
that

:::::::
January

:::::
2014

:::
was

:::::::::
somewhat

::::::::::
anomalous.

:::
The

::::::::
extended

::::
data

:::::::
periods

::
for

:::
Q,

:::
SH

:::
and

::::
LH20

::
all

:::
end

:::::
June

::::
2014

:::
and

:::::::
include

::::
start

::::
dates

:::
of

::::::
January

:::::
2011,

::::
June

:::::
2011,

::::
and

::::::
March

:::::
2012,

::::::::::
respectively.

:::
The

:::::::
sensible

::::
and

::::::::
radiative

::::
heat

:::::
fluxes

::::
have

::::::
nearly

::::::::::::
compensating

:::::::::
influences

:::
on

:::
the

::::
SEB

::::::
during

:::
the

:::::::::::
non-summer

:::::::
months

::::
when

::::::::::
temperature

:::::::::
inversions

:::
are

:::::::::
prevalent.

::::::
During

:::
the

:::::::
summer,

:::
on

:::::::
average,

:::
all

::::
SEB

:::::
terms

:::
are

::::::::
relatively

:::::
small

::
in

::::::::::
magnitude.

:::
The

:::::::
monthly

:::::
mean

::::
total

:::::::
radiative

::::
flux

:::
(Q)

::
is

:::::::
positive

::
in

::::
June

:::
and

::::
July

::::::
(Figure

:::
2).

:::::
Only

::::
these

::::
two

::::::
months

:::::::::
correspond

::
to
:::::::
periods

::::
when

::::
the

::::::
amount

:::
of

::::::::
absorbed

:::
SW

::::::::
exceeds

:::
the

:::
net

::::
LW

:::::::::
radiational

:::::::
cooling.

:::::
June

:::
and

::::
July

::::
are

::::
also

:::::
when

:::
the

:::::::
sensible

::::
and25

::::
latent

::::
heat

::::::
fluxes

::
are

::
at
:::::
their

:::::::
seasonal

:::::::
minima.

::::
The

:::::::::
subsurface

:::
heat

::::
flux

:::::::
monthly

:::::::::
minimum

:::::
values

:::::
occur

:
a
::::::
month

::::::
earlier

::
in

:::
the

::::
year,

:::
due

::
to
:::

the
::::::

cooler
:::::::::
subsurface

:::::::::::
temperatures

::
in

:::
the

::::::
spring

::::::::
compared

::
to

:::
the

::::
fall

::::::
(Figure

:::
1).

::::::
Colder

:::::::::
subsurface

:::::::::::
temperatures

:::::::
enhance

:::
the

:::::
ability

::
of

:::
the

::::
GIS

::
to

:::::::
remove

:::
heat

:::::
from

:::
the

::::::
surface

:::
via

::::::::::
conduction,

:::::::
resulting

::
in
::
a
:::::
mean

::::::
cooling

:::::
effect

::
in

:::
the

::::::
spring

:::
and

:::::::
warming

:::::
effect

:::
in

::
the

::::
fall.

:

::::
Over

:::
the

:::::
entire

::::
year

:::
the

::::
SEB

::::::::
residual,

::
or

:::
the

::::
sum

::
of

::
all

:::
the

:::::
SEB

:::::
terms,

:::::
when

::::::::
available

::::::
(75.3%

::
of

:::
the

:::::
time),

::
is
:::
0.9

:
W m�2

:
.30

:::
The

:::::::
monthly

::::::::
residuals

::::
(top

::::::::
numbers

::
in

::::::
Figure

::
2)

:::::::
indicate

::::
that

:::::
there

:::
are

:::::
times

::
of

:::
the

::::
year

:::::
when

:::
the

::::::::
residuals

:::
are

::::::
larger

:::
but

::::
there

::
is

:::
no

:::::::
apparent

::::::::::
seasonality

::
in

:::
the

::::::::
combined

:::::
SEB

:::::
terms.

:::::::::
Generally,

:::
the

::::::::
monthly

:::::
mean

:::::::
residuals

:::::
could

:::
be

:::
due

:::
to

::::::
energy
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:::::::::
imbalances,

::::::
under

::::::::
sampling,

:::::::::::
measurement

::::::
biases,

::::::
and/or

:::::::::::
measurement

:::::::::::
uncertainties.

::::
Each

::::::::
monthly

:::::::
residual

:
is
::::::
below

:::
the

::::
total

::::
SEB

:::::::::
uncertainty

:::::::::
(excluding

:::
the

::
S

:::::
term)

::
of

::::
12.4 W m�2.

:

3.2.2
:::::::
Diurnal

::::::
Cycles

:::
The

::::::::::
magnitudes

::
of

:::
the

:::::::
monthly

:::::
mean

::::
SEB

:::::
terms

:::
are

::::
small

:::::
from

::::
May

:
–
::::::
August

:::
(<

::
10

:
W m�2

:
),
:::
yet

:::
the

::::::
diurnal

:::::::::
variability

:::::
peaks

:::::
during

::::
this

::::::
period,

:::::
driven

::::::
largely

::
by

:::
the

:::::
solar

:::::
cycle.

:::
The

:::
net

::::::::
radiative

:::
flux

::::::::
increases

::::::
during

::::
times

::
of

:::::
peak

::::::::
insolation

::::::
(Figure

::::
3a),5

:::::::
although

:::
the

::::
high

::::::
surface

::::::
albedo

:::::
limits

:::
the

:::::::::
maximum

::
Q

::
to

::
40

:
W m�2

:
.
:::
The

:::::::::
maximum

::::::
values

::
of

:::
the

:::
net

:::::::
radiative

::::
flux

:::::
occur

::
in

::::
July,

:::::
when

:::
the

:::
sun

:::
still

:::::
rises

::::
more

::::
than

::::
30�

:::::
above

:::
the

::::::
horizon

::::
and

::::::::::::
liquid-bearing

:::::
clouds

:::
are

:::::::
frequent

:::::::
(Figure

:::
4a,

::
b),

::::::
which

:::
act

::
to

:::::::::
radiatively

:::::
warm

:::
the

::::::
surface

::
at

:::::::
Summit

::::::
Station

::::
year

:::::
round

:::::::::::::::::
(Miller et al., 2015).

:::::::::::
Counteracting

::::
the

:::
net

::::::::
radiative

::::
flux,

:::
the

::::::::
sensible

::::
heat

::::
flux

::
is

::::::::
negative

:::
for

:::::
large

:::
sun

::::::
angles

::::
and

::::::
warms

:::
the

:::::::
surface

:::
by

::::::::::::
approximately

::
20

:
W m�2

::::
when

:::
the

::::
sun

::
is

:::::
below

:::
the

:::::::
horizon

:::::::
(Figure

::::
3b).

:::
The

:::::::
diurnal

:::::::::
variability

:::
for

:::
this

:::::
term

::
is

:::::
largest

:::
in10

::::::
summer

::::
due

::
to

::
an

:::::::::
enhanced

::::::
diurnal

:::::
cycle

::
of

:::
the

::::::::::
near-surface

::::::::::
temperature

:::::::
gradient

:::::::::::::::::
(Miller et al., 2013).

::::
The

::::::
cooling

:::::
effect

:::
of

::
the

::::::::::
conductive

::::
heat

:::
flux

:::::::
(Figure

:::
3c)

::
is

::::
most

:::::::::
prominent

:::::
when

:::
the

:::
sun

::
is
:::::
above

:::
the

:::::::
horizon

::::
and

:
is
::::::::::

maximized
::
at

::::
solar

:::::
noon.

:::
In

::::::::
agreement

::::
with

::::
the

:::::
results

:::
in

:::::
Figure

::
2,
:::::

more
:::::::::
conductive

:::::::
surface

::::::
cooling

::::::
occurs

::
in
:::

the
::::::

spring
:::::::::
compared

::
to

:::
the

:::
fall

::::
due

::
to

:::
the

::
lag

:::
in

:::::::::
subsurface

::::::::
response,

:::::
which

::::::
results

::
in

::::::::
relatively

::::::
colder

:::::::::
subsurface

:::::::::::
temperatures

::
in

:::
the

::::::
spring.

::::
The

::::::
diurnal

::::::::
variability

:::
of

::
the

:::::
latent

::::
heat

::::
flux

::
is

:::::
largest

::
in
:::::
June

::::::
ranging

:::::
from

::::::::::::
hourly-average

::::::
values

::
of

:::
-33

::
to

::
12

:
W m�2

::::::
(Figure

:::
3d)

:::
due

::
to

:::
an

:::::::
increase

::
in15

:::::::
available

::::::::
moisture

::::::
(Figure

::::
4c).

:::
Sun

::::::
angle,

:::
and

:::
the

:::::::::
associated

::::::
change

:::
to

:::
the

:::
net

:::::::
radiative

:::::
flux,

::
is

:
a
:::::
main

:::::
driver

::
of

::::::
energy

::::::
fluxes

::
at

:::
the

::::::
surface

:::::::
(Figure

:::
3).

:::
The

:::::::::::::
monthly-hourly

::::::
energy

:::::
fluxes

::
in
::::::
panels

:::
b-d

:::
are

::::::::
generally

::::::::::::
anti-correlated

:::::
with

::
the

:::
net

::::::::
radiative

::::
flux

::
in

::::
panel

::
a
::::::::::
(correlation

:::::::::
coefficients

::::
are:

:
b
::

=
:::::
-0.81,

::
c
::
=

:::::
-0.65,

::
d

:
=
::::::
-0.69).

::::
The

:
following case studies investigate how liquid-bearing clouds effect the

surface energy budget by increasing the net surface radiation.20

3.3
:::::

Cloud
:::::::
Forcing Case Studies

3.3.1 Liquid-bearing cloud without insolation

A case study (12 UTC 10 November to 12 UTC 11 November 2013) is used to illustrate how the different terms of the SEB

interact to influence the surface temperature and surface heat exchange. Variability in this case is driven by low-level liquid-

bearing clouds and the case was intentionally chosen to minimize the effects of solar influences. Cloud occurrence as measured25

by the MMCR up to a height of 5 km (Figure 5a) indicates a clear-sky scene at the beginning of the case study, a low-level

cloud from 17 UTC – 2 UTC, then a brief period of clear-sky from 2 – 3 UTC, and finally a deep cloud (> 3 km) during the

end of the case study. The radar reflectivity measurements indicate the presence of ice crystals in most of these clouds. LWP

values ranging from 20 – 60 g m�2 from 17 - 24 UTC on 10 November (Figure 5b) show that the low-level cloud at this time

is mixed phase, in contrast to the deep ice cloud at the end of the case study with little liquid present.30

Coincident with the appearance of the liquid-bearing cloud, the LW# increased by 88 W m�2 from 15 UTC (clear) to 23

UTC (cloudy), similar to the LW cloud radiative forcing value in Miller et al. (2015) for optically thick liquid-bearing clouds
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(⇡85 W m�2). This cloud radiative effect resulted in an increase in Tsurf and thus LW" of 43 W m�2 (Figure 5c). During

the clear-sky period the boundary-layer
:::::::
boundary

:::::
layer was weakly stable (Ri = 0.15), but the occurrence of the liquid-bearing

cloud and its warming effect on the surface changed the stability to neutral (Ri ⇡ 0), (Figure 5d). During the transition back to

clear-sky (2 UTC), LW# decreased by about 70 W m�2 and the Richardson number became critically stable. LW# was smaller

in the presence of the deep ice cloud, compared to the liquid-bearing cloud, resulting in a much smaller LW" at the time. In the5

presence of the deep ice cloud the boundary-layer became weakly stable again (Ri = 0.2).

Changes to the net radiative flux caused by the cloud (Figure 5e) elicited a response in the other SEB terms. On 10 November

from 15 UTC to 23 UTC the sensible heat flux decreased by a factor of 2, from 36 to 18 W m�2. The conductive heat flux

changed from having a warming effect on the surface by +8.1 W m�2 to having a -0.3 W m�2 cooling effect by 23 UTC.

The average latent heat flux increased from 0.8 W m�2 during the clear-sky period (12 – 18 UTC) to an average value of 2.410

W m�2 during the cloudy period (18 – 24). The net result is that the liquid-bearing cloud increased the surface temperature

from -47.8�C (15 UTC) to -33.0 �C (23 UTC). This is half the temperature increase that would have occurred (⇡28.4�C) if

the entire LW# increase (88 W m�2) had gone toward heating the surface. This example demonstrates how changes to the

turbulent and conductive heat fluxes are an important compensation mechanism that modulates surface warming due to cloud

radiative forcing. This damping effect on the radiative forcing by the response terms was noted by previous Arctic researchers15

(e.g., Persson, 2012; Sterk et al., 2013; Solomon et al., 2016).

The subsurface cooled in response to the surface cooling during the clear-sky period on the 10th
::
of

::::::::
November

:
(Figure 5f), yet

the minimum measured temperature at -0.2 m (-41.8 �C) was not realized until 18 UTC. This shallowest subsurface temperature

sensor (-0.2 m) cooled by 0.8�C from 12 UTC to 18 UTC on 10 November. The cooling from above at -0.2 m on 10 November

was damped by the relatively warm snowpack below. During the liquid-bearing cloud period the subsurface layer at -0.2 m20

was warmed from above and below allowing for a 1.8�C temperature increase from 18 UTC 10 November to 2.5 UTC on 11

November. This suggests that a time lag of the effect of the surface temperature on the subsurface temperatures is important

in determining the ground heat flux. The heat storage in the upper layer of snow had an average value of -12.9 W m�2 for the

24 period shown in Figure 5e, indicating that a portion of the increase in LW# went toward increasing the internal energy of

the top layer of snow. Large negative values of S occur during the transition from clear to the onset of the liquid-bearing cloud25

presence (17 - 20 UTC), as this layer warms rapidly, and visa-versa
::::::::
vice-versa

:
during the transition back to a clear-sky scene

(0 - 2 UTC).

3.3.2 Liquid-bearing cloud with insolation

A case study on 6 August 2013 also illustrates the longwave warming effect of liquid-bearing clouds and investigates the

additional influence of shortwave radiation. Similar to the first case study, surface temperature variability is driven by the30

downwelling radiative flux, which in this case is a combination of longwave and shortwave influences.

MMCR measurements (Figure 6a) indicate a clear-sky scene from 2 to 6 UTC, a low-level cloud from 6 - 13.5 UTC, clear-

sky from 13.5 to 16 UTC, a deep cloud from 18 to 22 UTC, and finally a low-level cloud during the last hour of the case

study period. The low-level cloud is mixed phase from 6 to 13.5 UTC and LWP values ranging from 0 – 15 g m�2 (Figure 6b)
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indicate that it is optically thin. LWP values ranging from 0 – 20 g m�2 also indicate that the deep cloud later in the day is

mixed phase from 18 to 21 UTC although after ⇡19 UTC LWP values are low due to competition from falling ice into the

mixed phase layer from above. The low-level cloud from 23 to 24 UTC is optically thicker then the previous low-level cloud

with LWP ranging from 5 – 30 g m�2.

The presence of the optically thin liquid-bearing cloud (6 – 13.5 UTC) produces an approximate increase of 70 W m�2 of5

LW# compared to the preceding clear-sky scene. Over this period shortwave radiation increases the net radiation at the surface

by an additional 5 – 75 W m�2. In response, LW" radiation increases by 50 W m�2. The combination of thin liquid-bearing

clouds and insolation produces positive net radiation at the surface from 9.5 to 13 UTC (Figure 6c). During the daytime clear-

sky period the net radiation is near zero, indicating that shortwave warming is offset by the longwave cooling at the surface. Net

radiation again goes positive in the presence of liquid-bearing clouds that occur after 18 UTC. After 18 UTC the net radiation10

declines as the solar radiation diminishes.

The compensating response of the non-radiative terms to changes in the downwelling radiation, shortwave and/or longwave,

are similar to the November case study. The sensible heat flux decreases from 29 W m�2 at 5 UTC to -9 at 12.5 UTC (Fig-

ure 6d). The fact that the SH is negative during the presence of the liquid-bearing cloud indicates that the surface temperature is

warmer than the 2 m temperature, thus the near-surface atmospheric layer is unstable. The conductive heat flux decreases from15

9 W m�2 at 5 UTC to 0 W m�2 at 12.5 UTC, indicating the subsurface temperature gradient as been reduced (Figure 6e). The

10 m temperatures from 9 to 16 UTC are questionable thus LH is not shown during this period. During the daytime clear-sky

period (13.5 to 16 UTC) the net radiation is near zero as is the ground heat flux and sensible heat flux. In the presence of the

deep mixed-phase cloud after solar noon the net radiation again is positive, the sensible and ground heat flux are near zero, and

the latent heat flux is approximately -10 W m�2.20

3.4 Surface Energy Budget

3.3.1 Annual Cycle

Scaling up
::::::
Section

:::
3.4

::::::::
expands the analysis to the full annual cycle (July 2013 – June 2014), monthly averages of the four

SEB terms from Equation 1 illustrate the seasonal balance of energy fluxes at the surface (Figure 2). The bottom numbers in

Figure 2 indicate the percentage of the month for which all 4 SEB terms are available. In addition, Figure 2 includes additional25

data for Q, SH, and LH indicating that July 2013 – June 2014 is, in general, consistent with previous years and indicates that

January 2014 was somewhat anomalous. The extended data periods for Q, SH and LH all end June 2014 and include start dates

of January 2011, June 2011, and March 2012, respectively.

The sensible and radiative heat fluxes have nearly compensating influences on the SEB during the non-summer months

when temperature inversions are prevalent. During the summer, on average, all SEB terms are relatively small in magnitude.30

The monthly mean total radiative flux (Q) is positive in June and July (Figure 2). Only these two months correspond to periods

when the amount of absorbed SW exceeds the net LWradiational cooling. June and July are also when the sensible and latent

heat fluxes are at their seasonal minima. The subsurface heat flux monthly minimum values occur a month earlier in the
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year, due to the cooler subsurface temperatures in the spring compared to the fall (Figure 1). Colder subsurface temperatures

enhance the ability of the GIS to remove heat from the surface via conduction, resulting in a mean cooling effect in the spring

and warming effect in the fall.

Over the entire year the SEB residual, or the sum of all the SEB terms, when available (75.3% of the time), is 0.9 .

The monthly residuals (top numbers in Figure 2) indicate that there are times of the year when the residuals are larger but5

there is no apparent seasonality in the combined SEB terms. Generally, the monthly mean residuals could be due to energy

imbalances, under sampling, measurement biases, and/or measurement uncertainties. Each monthly residual is below the total

SEB uncertainty (excluding the S term) of 12.4 .

3.3.1 Diurnal Cycles

The magnitudes of the monthly mean SEB terms are small from May – August (< 10 ), yet the diurnal variability peaks during10

this period, driven largely by the solar cycle. The net radiative flux increases during times of peak insolation (Figure 3a),

although the high surface albedo limits the maximum Q to 40 . The maximum values of the net radiative flux occur in July,

when the sun still rises more than 30� above the horizon and liquid-bearing clouds are frequent (Figure 4a, b), which act to

radiatively warm the surface at Summit Station year round (Miller et al., 2015).

Counteracting the net radiative flux, the sensible heat flux is negative for large sun angles and warms the surface by15

approximately 20 when the sun is below the horizon (Figure 3b). The diurnal variability for this term is largest in summer due

to an enhanced diurnal cycle of the near-surface temperature gradient (Miller et al., 2013). The cooling effect of the conductive

heat flux (Figure 3c) is most prominent when the sun is above the horizon and is maximized at solar noon. In agreement with

the results in Figure 2, more conductive surface cooling occurs in the spring compared to the fall due to the lag in subsurface

response, which results in relatively colder subsurface temperatures in the spring. The diurnal variability of the latentheat flux is20

largest in June ranging from hourly-average values of -33 to 12 (Figure 3d) due to an increase in available moisture (Figure 4c).

Sun angle, and the associated change to the net radiative flux, is a main driver of energy fluxes at the surface (Figure 3).

The monthly-hourly energy fluxes in panels b-d are generally anti-correlated with the net radiative flux in panel a (correlation

coefficients are: b = -0.81, c = -0.65, d = -0.69). The responses of the latent,
::::::
include

::::::
annual

::::::::
responses

:::
of

:::
the

:::::
LW",

::::::
latent,25

sensible and conductive heat flux terms to changes in LW #+SWnetare investigated in Section 3.4.

3.4 Responses to Surface Radiative Forcing

The surface energy budget at Summit Station is largely driven by changes in the downwelling radiation. In general, the LW",

turbulent, latent, and subsurface heat fluxes (response terms) respond to changes in the LW# and net SW flux (forcing terms).

The response terms are not always governed by the forcing terms, as, for instance, under high wind conditions the turbulent30

heat fluxes can operate independently as the Ri in these cases is dominated by the wind shear (see Equation 7). Cloud presence

influences the radiational balance at the surface by modulating the downwelling radiation; increasing LW# and decreasing SW#.

Miller et al. (2015) show that clouds increase the net surface radiation compared to an equivalent clear-sky scene, because the
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high year-round surface albedo limits the magnitude of the cloud SW cooling effect to less than that of the LW warming

effect. Statistical relationships for the current study reinforce the fact that liquid-bearing clouds increase the forcing terms

during two distinct periods; with and without solar insolation (Figure 7a). Hence, the occurrence of liquid-bearing clouds

correspond to warmer surface temperatures in both circumstances (Figure 7b) and consequently greater LW" (Figure 7c),

which is proportional to the surface temperature to the fourth power.
::
In

:::::::
addition,

:::::::::
variability

::
in

::::::
surface

::::::
albedo

:::
acts

:::
as

:
a
:::::::
forcing,5

:::::::
although

::
at

:::::::
Summit

:::
the

:::::::::
magnitude

::
of

:::::::::::
downwelling

:::::::
radiation

::::::::
variations

:::
are

:::::
much

::::::
greater

::::
than

:::
the

:::::
effect

::
of

::::::
albdeo

::::::::
variations

:::
on

::::::
forcing

:::::
terms.

:

LW" has less variability (all cases in Figure 7c) than the variability of the forcing terms (all cases in Figure 7a). In addition,

the differences between the cloudy and non-cloudy states are more pronounced in Figure 7a, compared to Figure 7c. Thus,

compensation by the non-radiative SEB terms must account for imbalances to the radiative flux at the surface, as illustrated in10

the case studies presented in Section 3.3 and in Figures 2 and 3. The annual cycle of the responses of LH, SH, G and LW"
are explored in Section 3.4.2 after investigating the effect of liquid-bearing clouds and/or sun angle on boundary-layer stability

(Section 3.4.1).

3.4.1 Boundary-Layer Stability Response

The degree to which the overlying atmosphere can dynamically interact with the surface is important for determining the15

turbulent heat exchange. Atmosphere/ice sheet interaction is modulated by low-level stability, which can be influenced by both

thermodynamic and dynamic processes. Mechanical mixing, via high wind speeds, is one way to decrease near-surface stability

and increase turbulence near the surface. The 10 m wind speed is greater than 8 ms�1 for 16% of 32130 stability estimates. The

median Richardson number decreases from 0.19 for all cases to 0.06 for the cases that report higher wind speeds (>8 ms�1),

showing the expected decrease
:::::::
decreases

:
of stability. In addition, cloud-driven atmospheric mixing can also affect the low-level20

atmospheric structure (Shupe et al., 2013a) and liquid-bearing cloud presence, especially in combination with enhanced solar

radiation, decrease the near-surface temperature gradient (Hudson and Brandt, 2005; Miller et al., 2013).

This study explicitly shows that the radiative influences of liquid-bearing clouds and/or insolation create neutral or unstable

boundary-layer conditions. When the sun is below the horizon, as for the first case study (Section 3.3.1), the presence of liquid-

bearing clouds decreases the stability such that a majority of the cases are weakly stable (0 < Ri < 0.25) (Figure 7d). In the25

absence of liquid-bearing clouds (LWP < 5 gm�2) the surface radiatively cools, the stability increases, and consequently a

majority of the cases are strongly stable (Ri > 0.25). Solar radiation (SZA < 70�) warms the surface sufficiently to decrease

the near-surface stability (Figure 7d). When the sun is present yet there are no liquid-bearing clouds the median Ri is weakly

stable. However, when optically thick liquid-bearing clouds (LWP > 30 gm�2) are present the boundary-layer is near-neutral

on average. Interestingly, optically thin liquid-bearing clouds (5 gm�2 > LWP >
:
<
:::::
LWP

::
< 30 gm�2) lead to more frequent30

occurrence of more unstable conditions in the presence of insolation, because these clouds emit significant longwave radiation

while also allowing significant penetration of solar radiation, thus producing the maximum surface heating. Our results that

liquid-bearing clouds of intermediate thickness lead to higher instability agree with studies that show these clouds produce

the maximum cloud radiative forcing for elevated sun angles (Bennartz et al., 2013; Miller et al., 2015). Hence, liquid-bearing
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clouds and/or solar insolation enhance turbulent mixing, facilitating sensible and latent heat exchange, although instability

(negative Ri) requires SW#.

3.4.2 SEB Responses

Process-based relationships distill our understanding of the underlying physical processes into a succinct form that is infor-

mative, yet practical. While clouds, the solar cycle, and other processes can influence the downwelling radiation, process5

relationships between response terms and forcing terms reveal how variability in downwelling radiation affects the other SEB

terms. A linear regression of
:::::::::
Performing

:
a
:::::
linear

:::
fit

:::::::::::::::::::::::
(fitexy, Press et al., 1992) on the relationship between the forcing and re-

sponse terms
:
,
:::::
which

:::::::
includes

:::::::::::
uncertainties

::
in

::::
both

::::::
terms, yields a slope of -1.01 (Figure 8a), indicating that the SEB is largely

radiatively driven, the response terms account for all of the forcing energy flux, and there is approximate closure for the SEB

terms calculated here. The scatter in this relationship is due to measurement uncertainties, mismatches of response times in10

different terms, and the spatial distribution of the instrumentation. The annual evolution of this slope (Figure 9) shows that the

SEB response terms balance the forcing terms to within ⇡10% in all months of the year. Thus, any change in forcing terms

elicits an approximately equal change in flux through the combination of response terms.

The response to the radiative forcing can be evaluated for each term independently (Figure 8b-e), and as a function of

month, showing that each term responds differently throughout the annual cycle (Figure 9). The slope of the linear fit provides15

an estimate of the relative magnitude (percentage) of the response of each term. The RMS error of the monthly response

estimates in Figure 9 are calculated by comparing the estimated values, using the linear fit, to the measured values (Figure 10).

The RMS error includes the uncertainty of the measurements involved, any delay in response time greater than 30 minutes, and

variability in the physical response not represented by the linear fit. Generally, the RMS error of the linear fits of all response

terms to the driving terms are on the same order of magnitude as the combined uncertainty of the SEB components.20

The annual response in the LW" term (
::::
77%,

:
Figure 8b) is the largest (0.70) out of all the response terms, as its magnitude is

directly proportional to the surface temperature to the fourth power. The annual cycle of this response shows a weaker response

in summer (40-50
::::
50-60%) and a stronger response in winter (55-75

::::
65-85%). The lower response of the LW" term in June

2014, compared to winter months during December 2013 –February
:
–

:::::::
February

:
2014 (or compared to values from June 2011 –

2014) is partially due to the increased response of the latent heat flux for this specific month (Figure 9). Any increase (decrease)25

of response of an individual term will effectively decrease (increase) the change in surface temperature, and hence the response

of LW", to radiative forcing.

The response of the sensible heat flux
:::::
(11%,

:::::
Figure

::::
8d) is fairly constant at ⇡ -0.11 throughout the annual cycle (Figure 9)

due to its dependence on both the near-surface temperature gradient and stability (heat transfer coefficient – see Equation 5).

For weakly stable conditions, the former term dominates decreasing (increasing) the heat flux for surface warming (cooling),30

while for very stable conditions the latter term dominates limiting turbulent exchange and increasing (decreasing) the sensible

heat flux for surface warming (cooling) (e.g., Grachev et al., 2005). Since this Summit data generally shows a decrease in

sensible heat flux for an increase in the forcing terms (surface warming), this is consistent with weakly stable conditions on

the unstable side of the stability transition shown by Grachev et al. (2005). Therefore, the response of the sensible heat flux to
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changes in the surface temperature is similar throughout the year and does not show an annual cycle. However, the RMS error

of the linear fit (Figure 10) during winter (9.7 Wm�2) is greater than during summer (6.0 Wm�2) (i.e., there is more scatter

in the sensible heat response in winter), suggesting that conditions in winter are at times very stable and that the sensible heat

flux response to radiative forcing is then different. In summer, conditions are rarely very stable so the response in sensible heat

flux is more strongly correlated with the change in the forcing terms.5

The response of the latent heat flux
::::::
(1.5%,

::::::
Figure

:::
8e) increases in summer compared to other months of the year (Figure 9).

The amount of available moisture (Figure 4c) peaks in summer and average PWV values for non-summer (winter) months are

below 2 mm (1 mm). Thus, changes to near-surface stability due to changes in the forcing terms produce a smaller response

when moisture gradients are small in magnitude.

The response of the conductive heat flux to radiative forcing
::::
(10%,

::::::
Figure

:::
8c)

:
is greatest in winter (Dec – Feb) at 22

::
23%10

compared to ⇡10
:
9% in summer (June- August). Seasonal changes in the conductive heat response are due to changes in snow

density, thermal conductivity, and subsurface temperatures. Warmer subsurface temperatures resulting from prior warm surface

temperatures precondition the snowpack, reducing its ability to remove heat from the surface. Decreased density in the summer

decreases the thermal conductivity of the near-surface snow pack, also limiting the ability of the subsurface to remove energy

from the surface. The RMS error of the linear fit of the conductive heat flux to the forcing terms is relatively low with an annual15

mean of 3.2 Wm�2.

The response of the heat storage in the upper subsurface layer is important to consider when accounting for all the energy

responses at the surface. Even though the annual mean of S is less than 1 Wm�2 (i.e., there is effectively no annual net change

in temperature in the near-surface snow), it is highly variable (annual standard deviation = 62.5 Wm�2) as this layer can warm

or cool rapidly from one half hour period to the next. The heat storage response to the forcing terms also accounts for subsurface20

heating due to solar penetration. Over the annual cycle the response of S is 7% . The response of S is at a maximum in April

– May at 23-25
::::::
ranges

::::
from

:::
4%

::
in

::::
June

:::
to

:::
8%

::
in

::::::
March,

::::
with

:::
an

::::::
average

:::::::
monthly

::::::::
response

::
of

::
6% (Figure 9), indicating .

::::
The

::::::
slightly

:::::
larger

::::::::
response

::
of

:
S
:::
in

:::::
March

::
–

::::
April

::::::::
indicates

:::
the

:
relatively cold near-surface snow is able to store larger amounts of

energy originating from radiative sources.

Since scatter in S in response to forcing is so large, we first examine the scatter of all the other terms jointly. The RMS error25

of the linear fit of (LH + SH + C - LW") vs. (LW# + SWnet) is maximum in July (19.6 Wm�2) and has an annual mean value

of 14.9
::::
15.0 Wm�2 (Figure 10). The maximum RMS error occurs in summer due to an increase in the latent heat RMS error

of the linear fit from an annual average value of 8.9
:::
9.1 Wm�2 to 15.3

:::
15.7

:
Wm�2 in summer. The RMS error of the linear fit

of S is lowest in January (36 Wm�2) and highest in August (89 Wm�2) and has monthly mean RMS error of 59
::
63 Wm�2.

The high variability, uncertainty, and generally weaker relationship of S with the forcing terms indicate that the estimation of30

S is the largest unknown in closing the energy budget on short time scales. The 1-sigma uncertainty of the response of LH +

SH + C + S - LW" to the forcing terms, shown by the error bars in Figure 9, is primarily due to the variability and associated

uncertainty in S. However, correctly accounting for the ground heat flux in the upper most layer provides near closure of the

surface energy balance, a critical accomplishment of the synthesis of comprehensive datasets given here.
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At the ice sheet/atmosphere interface surface temperature is the linchpin that connects the subsurface to the atmospheric

boundary layer, responding to changes in the net flux at the surface. The variability in the surface temperature is controlled

by changes in the forcing terms and modulated by the response terms. An increase in radiative forcing warms the snowpack;

increasing the surface temperature and decreasing the near-surface atmospheric stability. Not surprisingly, the response terms

are all associated with surface temperature; either directly proportional, or a function of the near-surface temperature gradient.5

Latent heat flux is also dependent on the near-surface moisture gradient and the ground heat flux is dependent on the thermal

conductivity of the snow pack leading to seasonal differences in their responses. This study highlights the importance of the

seasonal changes in the non-radiative responses, which determine the annual cycle of the LW" response.

3.4.3
:::::
Cloud

:::::::
Effects

::
on

:::
the

:::::
SEB

The seasonal response of the SEB to cloud presence is estimated by combining the radiative effects of clouds with the obser-10

vationally based and statistically derived relationships between the forcing and response terms. Cloud radiative forcing (CRF)

at the surface, as detailed in Miller et al. (2015), is the instantaneous net radiative effect of clouds. Furthermore, changes in

the forcing terms elicit a response of the surface temperature and the non-radiative SEB terms. Thus, we combine the monthly

CRF values reported in Miller et al. (2015) and monthly responses, calculated from the maximum available data (Figure 9),

to estimate the corresponding increase in LW" and decreases in SH, LH and G attributed to cloud presence. Figure 11a shows15

LW" has the smallest increase due to CRF in May (9.8
:::
11.8

:
Wm�2), the largest increase in October (30.5

::::
33.2 Wm�2), and an

annual mean response of 20.7
::::
23.4 Wm�2. The non-radiative responses to the annual CRF value of 32.9 Wm�2 are -2.9

:::
-3.0

(SH), -0.7
::::
-0.24 (LH), and -9.6

:::
-7.2 (G) Wm�2. Subtracting the monthly LW" response from the monthly mean LW" yields

an estimate for the amount of LW radiation that would be emitted by the GIS surface in the absence of clouds. Comparing the

monthly mean surface temperatures, derived from the measured LW" and the estimated clear-sky LW", produces the approxi-20

mate monthly differences shown in Figure 11b, suggesting that clouds increase the surface temperature by 6.9
::
7.8�C annually

during the time period January 2011- October 2013.

4 Summary

Characterization of surface energy fluxes and their variability illuminates the important processes that control surface tempera-

tures in central Greenland. Here observations from Summit Station are used to derive all terms of the surface energy budget and25

to examine key relationships among these terms and with other key atmospheric drivers. Despite the harsh Arctic environment

SEB estimates could be made for all the terms for 75% of the year spanning July 2013 – June 2014.

Over the annual cycle atmospheric temperatures in the free troposphere (> 1 km) are well correlated with surface tempera-

tures, although energy exchange processes at the surface enhance surface temperature variability. In general, time-series data,

monthly mean values, and monthly diurnal cycles all show that the non-radiative SEB terms oppose the increase or decrease30

of the net radiation. Liquid-bearing clouds and solar insolation strongly modulate the radiative flux that reaches the surface,

which affects subsurface temperatures, the stability of the boundary-layer, and the near-surface temperature gradients. A pair
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of case studies illustrate how all the pieces fit together to depict how an increase in surface radiation elicits a response in the

surface temperature, while also indicating that the increase in temperature is lessened by a decrease in sensible and conductive

heat fluxes. The resultant compensation of the non-radiative SEB terms thereafter affects the net amount of surface warming

that occurs due to cloud radiative forcing and/or insolation. Similar compensation is apparent when looking at longer-term

averages.5

To examine these relationships in more detail, radiative forcing terms (LW# + net SW) were related to the response terms

(SH, LH, C, S and -LW
:::
LW") throughout the annual cycle. Linear regression analysis, for the year-round dataset relating the

response terms as a function of the forcing terms, resulted in a -1.01 slope, indicating general closure in the calculated SEB

terms. On average LW", which is directly linked to surface temperature, responds by about 70% of a perturbation in incident

radiation, with a somewhat diminished response in summer. Quantifying how each non-radiative response changes throughout10

the year provides insight into how much SH, LH and/or G limit the surface temperature increase due to the occurrence of

liquid-bearing clouds and/or insolation:

– Latent heat flux response is near-zero for much of the year, with an increased response in summer.

– Sensible heat flux response is fairly constant throughout the annual cycle (11
::
⇡

:
9%).

– Ground heat flux, consisting of both heat storage in the upper most ⇡ 20 cm of snow and the conductive flux below this15

layer, is the largest non-radiative response for most of the year, with a decreased response in summer.

The enhanced summer latent heat flux response is due to an increase in available moisture and an increase in turbulence

during relatively frequent periods of neutral/unstable near-surface conditions. In winter the effect of the stable boundary-layer

is to dampen the response of the turbulent sensible heat flux, yet this dampening effect is offset by the enhanced near-surface

temperature gradient. The consequence of a limited sensible heat exchange during periods of strong radiational cooling is20

that the sensible heat flux response is relatively constant throughout the annual cycle. Finally, the ground heat flux response

decreases in the summer due to decreases in near-surface snow density and warmer subsurface temperatures.

Previous studies by Cullen (2003) (July
::
A

:::::::
previous

:::::
study

:::
by

::::::::::::::::
Cullen et al. (2014),

::::::::
spanning

:::
the

::::
time

::::::
period

::
17

:::::
June 2000 –

June 2001) and Hoch (2005) (June 2001 – July
::
18

:::::
June 2002) also report

:
,
::::
also

::::::
reports the annual cycle of the surface energy

budget components at Summit Station. Other than the fact that January 2014 did not follow the annual cycle of the SEB25

variations, due to the atmosphere being relatively warm and cloudy, the monthly
:::::::::
Comparing

:::
the

::::::
annual

:
mean values of this

study in the winter are similar to the earlier studies. However, the summer monthly total radiation is lower in our annual cycle

(July 2013 - June 2014) compared to previous studies, thus the recent monthly averages for non-radiative terms are greater than

the 2000 values
::::
study

::::::
reveals

::::
that

:
Q
::

is
:::
6.8

:
Wm�2

::::::
smaller

::::
and

:::
SH,

:::
LH

::::
and

::
G

:::
are

:::
1.6,

::::
0.9,

:::
and

:::
4.8

:
Wm�2

:::::
larger,

::::::::::
respectively.

The differences in the annual cycles
:::::
mean

:::::
values

:
could be due to possible decreases in cloud cover (Comiso and Hall, 2014).30

:
,
::::
since

:::
the

:::::
recent

::::::
annual

:::::::
forcing

::::
value

::
is
:::
7.3

:
Wm�2

::::::
smaller

::::
than

:::
the

:::::
190.1 Wm�2

::::::
reported

:::
by

::::::::::::::::
Cullen et al. (2014).

::::
July

:::::
2014

:::
had

:::
the

::::::
largest

:::::::::
occurrence

::
of

::::::::::::
liquid-bearing

::::::
clouds

:::
for

:::
the

::::::
current

:::::
study

:::::::
resulting

::
in
:::
an

:::::::
average

::
Q

::
of

:::
6.1 Wm�2

::::::::
compared

::
to

::::
15.6 Wm�2

:::::::
reported

::
by

:::::::::::::::::
Cullen et al. (2014).

:::
The

::::
July

:::::
2014

::::::
forcing

:::::
terms

:::
are

::::
265.3

:
Wm�2

::::::::
compared

::
to

:::::
268.0 Wm�2

:
in

:::::
2000
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:
-
:::::
2002,

:::::::::
suggesting

::::
that

:
a
:::
6.8

:
Wm�2

:::::::
increase

::
in

:::::
LW"

::
is

:::::
likely

:::
due

:::
to

::::::::::::::::
synoptically-driven

::::::
warmer

:::
air

::::::
masses

::::::
above

:::::::
Summit

::::::
Station

::
in

::::
2014

::::
and

:::
not

:::
due

::
to

:::::::
changes

::
in

:::::
cloud

:::::::
radiative

:::::::
forcing.

:

In central Greenland, cloud presence in winter (longwave forcing) is unable to produce a neutral stratification. It is only with

insolation that neutral and unstable conditions exist. In contrast, over Arctic sea ice, wintertime conditions are near-neutral or

even slightly unstable nearly 25% of the time (Persson et al., 2002). More instability over sea ice compared to the Greenland5

ice sheet may be due to warming of the surface from below due to oceanic influences. Springtime/summertime near-neutral and

slightly unstable conditions with shortwave forcing observed here is similar to that observed over sea ice (e.g., Ruffieux et al.,

1995; Persson et al., 1997, 2002). Also in agreement with our findings are process diagrams obtained via a modeling study

over sea ice (Sterk et al., 2013) that found the non-radiative SEB terms lessen the change in surface temperature due to changes

in downwelling radiation. Moreover, observational studies over sea-ice (Persson et al., 2002) and in the Greenland ablation10

zone (van den Broeke et al., 2011) suggest that if/when Summit Station more frequently experiences melt the non-radiative

compensation, detailed in this study, may be significantly diminished as energy goes towards surface melting.

These central Greenland results can be used to evaluate how well the annual and diurnal cycles of the SEB terms are

represented in climate models and reanalyses, and specifically the relationship among key terms. It is known that global

climate models underestimate the occurrence of liquid-bearing clouds above Greenland (Kay et al., 2016). We estimate that the15

underrepresentation of clouds, especially liquid-bearing clouds, should produce annual surface temperature biases ranging from

0 to -6.9
:::
-7.8�C. If the representation of liquid-bearing clouds were to improve then the modeled downwelling radiation would

likely also improve, but it is unclear if the other SEB terms would realistically adjust. A regional or global climate model’s

modus operandi is to achieve absolute closure of the SEB, hence this study will be useful in future studies as a valuable tool

for pinpointing the processes responsible for possible model surface temperature bias over Greenland and for evaluating model20

representation of physical processes at the ice sheet/atmosphere interface.

5
::::
Data

::::::::::
availability

:::
The

::::::
surface

::::::
energy

::::::
budget

::::::
dataset

::
is

:::::::
available

::::::
online

::
in

:::
the

:::::::
National

:::::::
Science

::::::::::
Foundation’s

::::::
Arctic

::::
Data

::::::
Center.

:
[
:::::::
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::::::
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:::
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::::::
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:::::
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:::::::
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::::::
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:::::
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at
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Figure 1. Temperature evolution from 1 July 2013 – 30 June 2014. (a) Values between the solid horizontal lines indicate surface temperatures

(Tsurf ). The dashed (dashed-dotted) line at 2 m (10 m) level is NOAA/GMD measurements, and from 20 m to 5km above ground level (AGL)

is derived from twice-daily radiosoundings. The height scale AGL is logarithmic to emphasize the near-surface values where the atmospheric

and GIS are physically coupled. Subsurface temperatures are on a linear scale. White areas indicate periods of data gaps and black symbols

indicate the height of the maximum temperature in each profile. (b) Monthly mean temperatures at 500 m, Tsurf and -1 m.

A case study from 12 UTC on 10 November 2013 to 12 UTC on 11 November 2013. (a) Cloud occurrence as seen by the

MMCR, (b) liquid water path, (c) longwave upwelling and downwelling radiation, (d) Richardson number, (e) surface energy

fluxes: total radiation, sensible heat, latent heat, conductive heat and heat storage/10.0 and (f) subsurface temperatures.
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A case study on 6 August. (a) Cloud occurrence as seen by the MMCR, (b) liquid water path, (c) longwave upwelling, longwave

downwelling, and net shortwave radiation, (d) surface energy fluxes: total radiation, sensible heat, conductive heat and heat storage/10.0 and

(e) subsurface temperatures.
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Figure 2. Monthly mean values of the 4 SEB terms for the period July 2013 – June 2014. The values at the top of the figure are the monthly

residual of the SEB (W m�2). The values at the bottom of the figure are the percentage of the month for which all 4 SEB terms are available.
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Figure 3. Monthly-hourly mean values from July 2013 – June 2014 of (a) total radiative flux, (b) sensible heat flux, (c) conductive heat flux

and (d) latent heat flux. Black contour lines indicate the solar elevation angle. Units on the color bars are all in W m�2.
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Figure 4. a) Cloud
:::::
MMCR

::::::
derived

:::::
cloud fraction (solid) and

:::::
MWR

:::::
derived

:
liquid present fraction (dotted, LWP > 5 g m�2), b) liquid water

path and c) precipitable water vapor. Statistics shown in black (red) are for available data spanning July 2013 – June 2014 (January 2011 –

June 2014). Distributions are represented by box-and-whisker plots (the box indicates the 25th and 75th percentiles, the whiskers indicate

5th and 95th percentiles, the middle line is the median, and the * is the mean).
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Figure 5.
::
A

:::
case

::::
study

::::
from

:::
12

::::
UTC

::
on

::
10

::::::::
November

::::
2013

::
to

::
12

::::
UTC

::
on

:::
11

::::::::
November

::::
2013.

:::
(a)

::::
Cloud

:::::::::
occurrence

::
as

:::
seen

:::
by

::
the

:::::::
MMCR,

::
(b)

:::::
liquid

::::
water

::::
path,

:::
(c)

:::::::
longwave

::::::::
upwelling

:::
and

::::::::::
downwelling

:::::::
radiation,

:::
(d)

:::::::::
Richardson

::::::
number,

::
(e)

::::::
surface

:::::
energy

::::::
fluxes:

:::
total

::::::::
radiation,

::::::
sensible

::::
heat,

::::
latent

::::
heat,

::::::::
conductive

::::
heat

:::
and

:::
heat

::::::::::
storage/10.0

:::
and

::
(f)

::::::::
subsurface

::::::::::
temperatures.
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Figure 6.
::
A

:::
case

:::::
study

::
on

:
6
:::::::
August.

::
(a)

:::::
Cloud

::::::::
occurrence

::
as

::::
seen

::
by

:::
the

::::::
MMCR,

:::
(b)

:::::
liquid

::::
water

::::
path,

:::
(c)

:::::::
longwave

::::::::
upwelling,

::::::::
longwave

::::::::::
downwelling,

:::
and

::
net

::::::::
shortwave

::::::::
radiation,

::
(d)

::::::
surface

:::::
energy

:::::
fluxes:

::::
total

:::::::
radiation,

::::::
sensible

::::
heat,

::::::::
conductive

::::
heat

:::
and

:::
heat

::::::::::
storage/10.0

:::
and

::
(e)

::::::::
subsurface

::::::::::
temperatures.
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Figure 7. Statistics of (a) LW# + net SW, (b) surface temperature, and (c) LW" for the period spanning January 2011 - June 2014. (d)

Statistics of the bulk Richardson number for the period spanning March 2012 – June 2014. The black distribution represents all quality

controlled cases. The red (blue) distributions represent periods when the windspeed < 8 m s�1 and the solar zenith angle is < 70� (> 90�).

Distributions are represented by box-and-whisker plots (the box indicates the 25th and 75th percentiles, the whiskers indicate 5th and 95th

percentiles, the middle line is the median, and the * is the mean).
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Figure 8. Linear regression of data from July 2013 – June 2014. (a) Total response (SH, LH, -LW", and G) as a function of the forcing terms

(LW# + net SW). (b) LW", (c) conductive heat, (d) sensible heat, and (e) latent heat flux as a function of the forcing terms. The slope of the

best fit linear regression is included in each panel.
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Figure 9. Annual cycle of monthly linear regression of responses to the forcing terms. The solid lines are for data spanning July 2013 – June

2014 during which all SEB estimates are available. The dashed lines are representative of all available data for the given subset. Note that

the y-axis decreases upwards.
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Figure 10. Root Mean Square Error (W m�2) computed from the differences between the measured response of a given term (or combination

of terms) and the estimated monthly responses in Figure 9.

37



            
0

10

20

30

40

50

W
 m

-2

(a) Cloud Radiative Forcing
(-1.0) * SH response
(-1.0) * LH response
(-1.0) * G response
LWup response

J F M A M J J A S O N D
Month

0
4
8

12

°
C

(b)

Figure 11. (a) The annual cycle of cloud radiative forcing (black) from January 2011 - October 2013 (Miller et al., 2015) and estimated

annual cycle of responses, calculated from the values in Figure 9, of sensible heat flux, latent heat flux, ground heat flux, and LW". (b)

Monthly temperature effect due to clouds, estimated from the difference between the measured LW" and the estimated clear-sky LW" value,

for the period January 2011 – October 2013.
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Table 1.
::::::::
Estimated

::::::::
uncertainty

::
in

::::
each

:::::
surface

::::::
energy

:::::
budget

::::
term.

:

::::
LW#

::
or

::::
LW"

:::
SW#

::
or
:::::
SW"*

: ::
SH

: ::
LH

: :
C
: :

S

::
5.0

:
W m�2

::::
1.8%

:
>
:::
5.0

:
W m�2

::
8.7

:
W m�2

:::
60%

::
>
:::
8.0 W m�2

:::
26%

::
>
:::
3.0 W m�2

:::
80%

::
>
::::
10.0 W m�2

* SW" in 2014 = 2.8% (> 5.0 W m�2)
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Table 2.
:::
List

::
of

:::::::::::
measurements

::
at

::::::
Summit

:::::
Station

::::
used

::
in

:::
this

:::::
study.

:::::::
Nominal

:::::
heights

:::
are

::::
given

:::
for

::::::::::
measurements

:::::
made

::
at

:
2
:::::
levels.

::::::::
Parameters

::::::::
Measured [

::::::
⇡heights]

::::::::
Instrument

:::::
Project

:
-
:::::::
Location

:::::::::
Atmospheric

::::::::::
Temperature

:::::
Profile

: ::::::
Vaisala

::::
RS92

::::::::::
Radiosondes

:::::::
ICECAPS

:
-
::::
MSF

:

::::
Snow

::::::::::
Temperature

:::::
Profile

:::::::
Campbell

::::::::
Scientific

:::
107

::::
Temp

::::::
Probes

::::
CIBS

:
-
:::
50m

:::::
tower

::::::
Surface

:::::
height

:::::::
Campbell

:::::::
Scientific

::::::
SR-50A

:::::
Sonic

:::::
Ranger

: ::::
CIBS

:
-
:::
50m

:::::
tower

:::::::::
Temperature

:
[
:::
2m,

::::
10m]

::::
Logan

::::
RTD

:
-
::::::
PT139

:::::
special

::::
order

: ::::::::::
NOAA/GMD

:
-
:::
met

::::
tower

:

:::::
Vaisala

::::
HMP

::::
155

::::
Temp

:::::
probes

: ::::
CIBS

:
-
:::
50m

:::::
tower

::::
Metek

:::::
USA1

:::::
Sonic

::::::::::
Anemometers

: ::::
CIBS

:
-
:::
50m

:::::
tower

::::
Wind

:::::
Speed [

:::
2m,

:::
10m]

::::
Metek

:::::
USA1

:::::
Sonic

::::::::::
Anemometers

: ::::
CIBS

:
-
:::
50m

:::::
tower

::::::
MetOne

::::::
010-CA

::::
Cup

::::::::::
Anemometers

: ::::
CIBS

:
-
:::
50m

:::::
tower

::::::
Relative

:::::::
Humidity

:
[
::

2m,
::::
10m]

:::::
Vaisala

::::
HMP

:::
155

:::
RH

::::::
probes

::::
CIBS

:
-
:::
50m

:::::
tower

::::
Water

:::::
Vapor

::::::
Mixing

::::
Ratio

:
[
:::
2m,

::::
10m]

:::::
Picarro

:::::
L2120

::::::::::
spectrometer

: ::::
CIBS

:
-
:::
50m

:::::
tower

::::::::
Barometric

:::::::
Pressure

:::
Setra

::::
270

::::::::::
NOAA/GMD

:
-
:::
met

::::
tower

:

::::
LW#,

::::
LW"

: ::::
Kipp

:::
and

:::::
Zonen

::::
CG4

::::::::::
pyrgeometers

::::
ETH

:
-
:::::::
Radiation

::::::
Station

:::::
Eppley

:::
PIR

::::::::::
pyrgeometers

: ::::::::::
NOAA/GMD

:
-
::::::::
Radiation

:::::
Station

:

::::
SW#,

::::
SW"

: :::
Kipp

:::
and

:::::
Zonen

:::::
CM22

:::::::::::
pyranometers

::::
ETH

:
-
:::::::
Radiation

::::::
Station

:::
Kipp

:::
and

:::::
Zonen

:::::
CM22

:::::::::::
pyranometers

::::::::::
NOAA/GMD

:
-
::::::::
Radiation

:::::
Station

:

:::::
Liquid

:::::
Water

:::
Path

: ::::
RPG

::::::::
Microwave

::::::::::
Radiometers

:
-
:::::::
HATPRO

:::
and

:::
HF

:::::::
ICECAPS

:
-
::::
MSF

:

:::::::::
Precipitable

:::::
Water

::::
Vapor

: ::::
RPG

::::::::
Microwave

::::::::::
Radiometers

:
-
:::::::
HATPRO

:::
and

:::
HF

:::::::
ICECAPS

:
-
::::
MSF

:

:::::
Cloud

::::::::
Occurence

::::::::
Millimeter

::::
Cloud

:::::
Radar

:
-
::
35

::::
GHz

: :::::::
ICECAPS

:
-
::::
MSF

:
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Table 3.
:::::::
Stability

:::::::
functions

::
for

:::::::
unstable

:::
and

::::
stable

:::::::
regimes

::::
from

::::::::::
Cullen (2003).

::::::
Stability

:::::::
function

::::::
Unstable

:::
(Ri

:
<
::
0)

: :::::
Stable

::
(0

:
<
::
Ri

::
<

::::
0.25)

:::
�m ::::::::::::

(1+ 27|Ri|)�0.2
: ::::::::::

(1+ 4Ri
1�4Ri )

:
�e: :::::::::::::

(1+ 19|Ri|)�0.55
: ::::::::::

(1+ 3Ri
1�4Ri )
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